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Abstract

An initial design study of high-transonic-speed transport aircraft has been completed. Five
different design concepts were developed. These included fixed swept wing, variable-sweep
wing, delta wing, double-fuselage yawed-wing, and single-fuselage yawed-wing aircraft. The
“boomless” supersonic design objectives of range = 5560 km (3000 nmt), payload = 18 143 kg
(40 0001b), Mach= 1.2, and FAR Parl 36 aircrait noise levels were achicved by the
single-fu.elage yawed-wing configuration with a gross weight of 211 828 kg (467 000 1b). A
noise level of 15 EPNdB below FAR Part 36 requirements was obtained with a gross weight
increase to 226 796 kg (500 0001b). The off-design subsonic range capability for this
configuration exceeded the Mach 1.2 design range by more than 20%. Although wing
aeroelastic divergence was a primary design consideration for the yawed-wing concepts, the
graphite-epoxy wings of this study were designed by critical gust and maneuver loads rather
than by divergence requirements. The transonic nacelle drag is shown to be very sensitive to
the nacelle insta'lation. A six-degree-of-freedom dynamic stability analysis indicated that the
control coordination and stability aug.uentation system would require more development than
for a symmetrical airplane but is entirely feasible. A three-phase development plan is
recommended to establish the full potential of the yawed-wing concept.
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HIGH TRANSONIC SPEED TRANSPORT AIRCRAFT STUDY
FINAL REPORT

By Robert M. Kulfan, Frank D. Neumann, James W. Nisbet, Alan R. Mulally, James K. Murakami,
D. W. Gimmestad, Elias C. Noble, John P. McBarron, James L. Stalter, Mark B. Sussman
Boeing Commercial Airplane Company

SUMMARY

An initial design study of traasport aircraft having high transonic cruise speed
capabilities has been compileted. Five different design concepts were configured and
compared. These include: (1) aircraft vith fixed swept wing, (2) aircraft with variable-sweep
wing. (3) aircraft with delta wing, (4) twin-fuselage yawed-wing aircraft and (5) single-
fuselage yawed-wing aircraft, as depicted in figure 1. Results of past programs and earlier
studies, including the substantial background of the contractor’s work on supersonic
transport development. were used as important inputs. Additionally. the work done under
the NASA-Langley Research Center sponsored contracts, “Study of the Application of
Advanced Technologies to Long-Range Transport Aircraft.” (NAS1-1071,-1072, and -1073)
provided important technology data for aircraft designed to operate in the transonic regime.
Further, the acrodynamic development accomplished by NASA’s Ames Research Center on
the yawed-wing concept provided essential background data for the study.

The design objectives applied to all configurations studied were the following:

Cruise Mach No.: M=1.2

Range: 5,560 kin (3000 n.mi)

Aircraft noise goal: 15 ErNdB below FAR.36

Passenger Payload: 195 passengers (18,143 kg, 40,000 Ib)
Technology level: Projected for 1985 subject to the undertaking

of technology development programs

The results indicated that the “boomless™ supersonic mission requirements can be met
at FAR 36 noise levels by a delta wing configuration at 226,796 kg (467,000 1b). The noise
goal cf FAR 36 minus 15 EPNdB can be met with the single body yawed-wing configuration
at approximately 226,796 kg (500.000 tb) gross weight. This noise goal cannot be met by
the other configurations within the assumed propulsion and jet-noise suppression tech-
nology levels. The yawed-wing configuration, because of its superior low speed aero-
dynamics, has a large advantage in takeoff and landing performance. The variable-sweep and
high aspect ratio wing of the yawed-wing configuration provides a 20 percent range
improvemeni for subsonic cruise over its M = 1.2 design range.
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The stability and control responses of the yawed-wing airplanes are unique. The results
of this study indicate that a flight control system could be developed to give this type of
aircraft handling qualities that are similar to those of more conventional aircraft.

The primary structure choice for all of the airplanes was graphite/epoxy honeycomb.
The critical structvral design conditions for the yawed-wings of this study were pust and
maneuver loads rather than acroclastic divergence.

The vawed-wing aircraft presented unique design and integration problems. Coordi-
nated theorctical-experimental design studies are required to determine if the predicted
performance characteristics are indeed achievable. A three-phase development plan has been
formulated to cstablish the full potential of this concept.

Phase I involves analytical studies which follow directly from this contract. Phase Il
combines wind tunnel and lab test work with further theoretical studies. Phase Il carries
the development work of Thase 1 and 1 to detailed desigr and flight test of a demonstration
vehicle.

INTRODUCTION

This document is the final report of the work accomplished by The Boeing Commercial
Airplane Company under contract NAS2-7031, “High Transonic Speed Transport Aircraft
Study.” for NASA’s Ames Research Center. The work began on June 20, 1972 and was
completed on May 20, 1973.

As a result of sonic boom from supersonic aircraft flying over populated land masses
there is interest in aircraft designed for transonic cruise speeds. This interest has been
enhanced by potential improvements in transonic aerodynamic efficiency offercd by
advances in supercriticel flow aerodynamics technology and in design concepts such as
yawed-wing aircraft.

There have been two significant design studies applicable to transcnic transport
aircraft: (1) the NASA Studies of the Application of Advanced Technologies .0 Long-Range
Transport Aircraft (Boeing, General Dynamics, and Lockheed) relative to the Lower
transonic regime (up to Mach 1) and . 2) the NASA study being reported herein relative to
the high transonic regime (up to M = 1.2 and beyond). The first study was conducted in
1971 and 1972. The second study has special relevance to boom-free supersonic flight in
that the upper specd limit was considered tc be that which would avoid sonic boom at
ground level.

The objectives ot tiiis study  ere to develop five specific configuration types suitable
for cruise in the high transonic regime, make cross-comparisons of each, conduct design
trade-off scnsitivity studies, and identify critical research areas pertinent to development of
high transonic transport aircraft. The five configuration types included: (1) fixed swept
wing aircraft, (2) variable-sweep wing aircraft, (3) delta wing aircraft, (4) twin-fuselage
yawed-wing aircraft, and (5) single-fuselage yawed-wing aircraft.



In the initial phase of the study, size parameters and technology levels were identified
as applicable to all the configurations and a “first cycle™ design definition was accomplished
for all five configurations. These initial definitions were developed and analyzed in detail to
provide the parametric data necessary to determine the optimum wing area and engire
match to meet the design objectives. Following this, second cycle designs were completed
and reviewed with representatives of the Ames Research Center at the end of approximately
4-1/2 months.

The results at that time identified promising potential for the single-fuselage
vawed-wing concept: that would however require more extensive development because of
its unique characteristics. The following recommendations were made:

e Concentrate the remainder of th: study effort on trade studies to optimize this
concept

o  Suspend further developmental work on the other concepts
e Fongo the comparative performance and economics studies

The study plan was revised to incorporate these recommendations and thereby allow for
developing an improved configuration arrangement for this yawed wing concept followed by
range, payload. noise and speed sensitivity studies.

This document presents the descriptions and performance characteristics of the
configurations that have been synthesized for each of the five concepts. The design
evaluation of the single fuselage yawed wing concept is traced. The design and analysis
methods are described along with the results of specialized trade studies that provided
design guidance.

CONCEPTNO.1  CONCEPTNO.2  coNCEPTNO.3  CONCEPTNO.4  CONCEPT NO.5
FIXED SWEPT VARIABLE DELTA WING YAWED WING YAWED WING
WING SWEEP WING TWIN FUSELAGE  SINGLE FUSELAGE

~
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FIGURE 1.-AERODYNAMIC CONCEPTS—MACH 1.2






F:CRINNG PAGE BLANK NOT FILMED

SYMBOLS AND ABBREVIATIONS

ALT altitude

A/P airplane

APP approach

AR aspect ratio

ATA air transport association

ATT advanced technology transport

Awet wetted area

Ay side acceleration

b,b, wing span

b/a elliptic axes ratio, ratio of semi-major axes
B body

BPR bypass ratio of engine

c basic chord

¢’ wing chord including expanded chord of trailing edge flap
Cp drag coefficient

‘p F friction drag coefficient

CDL, CDLIFT :ita‘igf::)oefﬁcient due to lift (includes the induced drag and wave drag due
oli

CDM ISC miscellaneous drag coefficient

CDTR!M trim drag coefficient

C volume wave drag coeff cient
Dy o ag ¢

Cy lift coefficient

CLDE SIGN wing design lift coefficient
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CLR

rolling moment due roll rate stability derivative -1 /rad

lift coefficient at which s“.CDP equals zero

rolling moment due {o pitch rate stability derivative—1/rad

rolling moment due to yaw rate stability derivative - 1/rad

lift coefticient —initial cruise divided by lift coefficient —maximum L/D
hft curve slope

rolling moment due to sideslip stability deriv. tive -1 /rad

rolling moment due to aileron deflection stability derivative - 1/rad
rolling moment due to rudder deflection stability derivative -1 /rad
pitching moment coefticient

slope of the pitching moment curve

pitching moment due to roll rate stability derivative—1/rad
pitching moment due to pitch rate stability derivative—1/rad
pitching moment due to yaw rate stability derivative--1/rad
pitching moment due to angle-of-attack stability derivative- 1/rad

pitching moment duc to rate-of-change of angle-of-attack stability
derivative — 1 /rad

pitching moment due to aileron deflection stability derivative—1/rad
carbon monoxide
mean acrodynamic chord, wing--meters(ft)
lift due to pitch rate stability derivative—1/rad
lift due to angle-of-attack stability derivative--1/rad
lift due to rate-of-change of angle-of-attack stability derivative—1/rad
lift due to sideslip stability derivative -1/rad

lift due to elevator deflection stability derivative—1/rad



EPNdB

FAR

GWT

HC

ICAC

LBS

L/D

SAS

SFC

S.L.

diameter

effective perceived noise level

Federal Aviation Regulations

feet

gross weight

kydrocarbons

initial cruise altitude capability

acrodynamic stiftness

envelope drag due to lift factor, CDLIFT/CL2 at the design Cy

structural stiffness

knots

lift, length

pounds

lift-to-drag ratio

bending moment due to a unit wing angle of attack

Mach number

forward wing bending moment

non-dimensional yaw rate — ( _Eh)
2V

yaw rate -rad/sec, rolling moment

area

stability augmentation system

specific fuel consumption

horizontal tail area

sideline



(T/COmax
TOFL
TOGW
T.0. W/CB

TsLs
T/W

\Y

W

(W/B)INTERF

WN
W/S
x/c
Xs
Y
Y/B

Z/C

f-r

a,aw

wing reference area

vertical tail area

wing area

thickness to chord ratio

tail. thickness

maximum wing thickness/chord ratio
takeoft field length

takeoff gross weight

takeoff with thrust cutback procedure
engine thrust -sea level static

thrust loading, total rated engine thrust divided by airplane takcoff gross
weight

true airspeed

wing

wing and body mutual wave drag interference

dynamic stability undamped natural frequency

wing loading, airplane gross weight divided by wing area
fraction of wing chord

streamwisc separation distance

spanwise separation distance

fraction of span

camber fraction of chord

angle-of-attack -rad

nondimensional rate-of-change of angle-of-attack—(&—C—w/2V)

wing angle-of-attack



flap effectiveness factor—rate of change of angle of attack with flap

deflection

wing twist angle

sideslip angle—rad, M2-1
aileron deflection—rad
moment increment du- to uni.t tail deflection
elevator deflection

flap deflection angle

tail deflection angle
rudder deflection
stabilizer angle—radians
additional drag due to lift

additional pargsite drag coefficient

increment in CLP due to leading edge or trailing edge flap deflection

increment in lift due to trailing edge flap deflection

lift increment due to unit tail deflection

tail effectiveness

bending moment resulting from roll rate and aileron deflection

downwash
taper ratio
wing sweep angle

sweep angle of quarter-chord line
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Subscripts
\

App

GE

LE

MAX

REF

TRAP

EFF

aft flap of double-slotted flap
landing approach

flap

ground e.fects

leading edge

maximum

at zero lift

reference

stall conditions

trailing edge

trapezoid

takeoff second segment

effective



CONFIGURATION DESCRIPTIONS

To provide a bpasis for the evaluation of advanced technology Mach 1.2 airplane
concepts, numerous configurations were considered and developed during the course of this
study. The ccafiguration evolution process is depic®  in the appendix.

DESIGN SYNTHESIS PROCEDURES

Five basic configuration concepts, identified as concept 1 through 5, were evaated
during the early part of the study. Model numbers were assigned to configuration variations
of each concept as a function of the concept, the phase of the study and the variation
studied.

For example,

MODEL 5-2-8

CONCEPTS
STUDY PHASE i

EIGHTH CONFIGURATION
CONCEIVED FOR
CONCEPT NO. 5 DURING
STUDY PHASE I

Configurations are referred to by these designations throughout thi. report.

The design synthe:is approach that was used to develop the aircraft configurations in
this study is illustrated in figure 2.

The initial step was to define preliminary configuration characteristics that includ-~d
such general items as:

o  Wing planform, size, thickness

e Number of engines, engine cycle and size

e Tail planiorm, thickness and size

e  Estimated maximum takeoff gross weight
These characteristics most often were derived from the results of past related studies or
from specially conducted trade studies. These estimated configuration characteristics were
used to develop preliminary configuration sketches. These sketches along with supporting
aerodynamic design optimization studies, weight and balance analyses, stability and control

analyses, and structural layouts provided inputs for developing a detailed configuration
layout (step 2).

11
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The detailed design layout defined the “uncycled baseline™ configuration. The baseline
configuration was then analyzed in depth to determine the basic weight, lift and drag, thrust
and noise characteristics. Additional analyses were made to determine the effects of varying
ciigine size. and wing area to establish scaling rules that account for these changes (step 3).

The results of the baseline configuration evaluation along with the scaling rules form
the inputs to a parametric performance analysis program that is used to “‘size” the airplane
by determining the minimum gross weight, the wing area. engine size and tail sizes necessary
to achieve the mission objective (step 4). This step is discussed in more detail in the
performance section of this report.

If the design objectives are not met, or if obvious short comings are identified, this
process is repeated.

The configuration general arrangenients that were developed considered the following
requirements and objectives:

o  Passenger payload of 18,143 kg (40.000 Ib), which is equivalent to 195 passengers
and their baggage for domestic operations.

® A 15% first class and 85% tourist class distribution.

®  Seat widths of:

First Class Tourist
Sing'e 66 ¢cm (26 in.) 56 ¢cm (221in.)
Double 132 ¢m (52in.) 107 cm (42 in.)
Triple —— 160 cm (63 in.)

e  Seat pitches of 96 cm (38 in.) and 86 ¢cm (34 in.) in the first class and tourist
sections, respectively.

o  Passenger service provisions including galleys, lavatories and closets equivalent to
current jet transport practice.

e Cabin door design satistactory to passenger and service ingress and egress and
meeting or exceeding the intent of emergency provisions of FAR 25.

e Volume provisions below the passenger cabin floor for containerized and bulk
cargo.

e  Containerized cargo density of 162 hg/cu meter (10 1b/cu ft).

e A minimum containerized cargo volume of .14 cu meters (5 cu ft) per passenger
based on an all-tourist 86.3 cm (34 in.) seat pitch configuration.
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e Additional bulk cargo volume of at leust (4.1 cu meters (500 cu ry for all
configurations except the single tuselage yawed wing configuration 5-3.

e  Passcnger cabin doors. cargo doors. and passenger services compatible with
current airline ground support equipment.

o  Passenger cabin deck heights consistent with current airport passenger loading
facilities.

The airplanes were also designed to be compatible with current and preiected airport
ramp areas, taxiways. and runway facilities. The landing gear designs provided flotation
capabilities (fig. 3) for airport facilities projected for the 1980-90 time period.

The characteristics of the tinal basceline configuration that was developed for ecach
concept (Model 1-2. Model 2-2, Model 3-2, Model 4-2 and Model 5-3) are described below.

FIXED SWEPT WING CONFIGURATION-MODEL 1-2

The results of previous contractor Transonic and Supersonic Transport studies led to
the development of the general arrangement for configuration 1-2 (fig. 4). This arrangement
includes four engines mounted in two dual pods under the wing near the trailing edge and
outboard of the main landing gears. This allows lage span flaps on ihe outboard wing and
good airplane balance characteristics. The passengers are seated in a balanced arrangement
fore and aft of the wing. The minimum body cross section is designed for a 4-abreast
passenger seating arrangement with a single aisle, plus the underfloor area required for
landing gear stowage. The required “area ruling” resulted in a wide fuselage forward and aft
of the wing, which locally al.owed twin aisles interior arrangements. Provisions were made
for containerized cargo in the lower forward fuselage. Bulk cargo could be carried in the
lower fuselage aft of the landing gear wheel wells.

The empennage consists of a fin with swept, trapezoidal planform and ar all-movable
stabilizer that is mounted in the aft fuselage.

The tricycle-type landing gear is arranged to facilitate the required airplane lLiftoff
rotation and to assure nacelle ground clearance during all nor. al »ircraft operating
attitudes. The main gear is wing-mounted and is supported by the ng rear spar and a
landing gear beam. The gear retracts sideways into the lower fuselage aft of the wing box.
The low profile tires are mounted on 6-wheel trucks in order to minimize the airplane
frontal area that is required for gear stowage,

Fuel is carried in integral tanks in the o.tboard wing and in the center wing box. The
volume of the wing is limited, however. and additional fuel is carried in body tanks forward
of the wing box. More volume is carried in the aft body in a balance/trim fuel tank, forward
of the stabilizer carry-through structural box.
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A droop nose was used to eliminate the high trensonic drage associated with fixed
windshields. to eliminate noise and buffet at the pilot station, and to provide good pilot
visibility during takeoff, landing and ground maneuvering.

VARIABLE SWEEP WING CONFIGURATION -MODEL 2-2

The overall configuration arrangement. figure 5. is similar to model 1-2, except as
described below. The wing has a lower aspect ratio and mer -« wn p i the cruise position.
The wing sweep can be varied from .37 rad (21°) to .94 rad (54°).

The engines are mounted in dual pods under the wing near the trailing edge. They are
supported by structural members that extend aft from the fixed center wing box and are
stabilized by members extending outboard from the fuselage. The main landing gears are
located inboard of the engine nacelles. The gears are also supported by structural beams that
extend outboard from the fuselage. The inboard wing trailing edge was extended aft in order
to fair the gear and nacelle support structure.

Very limited fuel volume is available due to the thin wing combined with the variable
sweep design feature. Preliminary results showed that approximately 50% of the total
required fuel had to be carried in the fuselage. figure §.

DELTA WING CONFIGURATION-MODEL 3-2

This arrangement, figure 6, is based on the extensively investigated contractor
supersonic transport prototype design. The body length is identical to models 1-2 and 2-2 in
order to maintain similar configuration fineness ratios and satisfactory tail arms.

The engines were located well aft of the wing acrodynamic ccnter, as compared to
models 1-2 and 2-2. The wing is also located further aft on the body for airplane balance. As
a result the fuselage area distribution is less symmetric forward and aft of the wing, with a
larger volume ahead of the wing. Although the same minimum fuselage cross section was
used, all passengers can be accommodated in the wide fuselage forward of the wing rear
spar. The passenger cabin length was, therefore, reduced by approximately 6.1 m (20 ft).
The aircraft was balanced with full payload. Water ballast is carried for some off-design
operation at low passenger load factors. A small amount of the total fuel is carried in body
fuel tanks.

The other configuration characteristics are similar to those of model 1-2.

DOUBLE FUSELAGE YAWED WING CONFIGURATION-MODEL 4-2

The general arrangement and the geometry of the wing and the two fuselages on this
configuration, figure 7, was developed from recent NASA-Ames studies. The distance
between the two fuselages is equivalent to 30% of the wing span. A four-engine arrangement
was chosen with a separate empennage on each fuselage.
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The area distribution of cach fuselage wus carefully developed in the presence of the
respective part of the yawed wing. It was found possible to design both fuselages to be
identical. All passengers are accommodated in the fuselages forward of the wing pivots in a
four-abreast first class. five-abreast tourist class scating layout. This arrangement had the
passenger cabin ahead of an unpressurized section of the fuselage which facilitated the
structural integration of wing pivot and landing gear. A section of the fuselage aft of the
landing gear was used for cargo. baggage. and body fuel. followed by a compartment for a
trim fuel tank. The flight crew compartment was located m the leading tuselage. The engines
were mounted symmetrically on each side of the two vertical tails immediately above the
body. This allows a balanced engine support scheme with a common thrust reverser for each
dual engine installation. The all-moveuable stabilizers were located on the fuselages below and
aft of the engine nezzles to reduce downward jet noise propagation.

The landing gear system consists of main and nose gears. mounted in cach body. The
main gear was located to allow conventional liftoft rotation of the aircraft. It is mounted in
the fusclages aft of the wing pivot support structure and retracts rearward into the fuselage
ahead of the pressurized cargo baggage compartment. The main gear carried a six-whecled
truck with horizontal stabilization during retraction to mimmize drag and was size limited
by body diameter.

The nose gears are convertional with steering capability and retract aft into the body.

Most of the mission fuel is carried in integral wing tanks with the remainder being
carried in a mid-fuselage tank plus the aft body balance/trim fuel tank,

SINGLE FUSELAGE. YAWED WING CONFIGURATION-MODEL 5-3

The evolution of this configuration is illustrated in the appendix. This configuration
shown in figure 8 represents the single fuselage, yawed wing airplane with the lowest gross
weight that was developed during this ccentract for the design mission. The extensive
configuration evolution process that led to this configuration is described in more detail
further on in this report. Table 1 summarizes some of the unique charactenstics, demands
or requirements wresent on a yawed wing design and the resulting unique configuration
design features that were incorporated on Model 5-2.

General Description
Fuselage

The diameter of the arcular fuselage varics from 356 cm to 406 ¢cm (140 to
160 inches) over the length of the passenger cabin. The seating arrangement is 4-, 5-, or
6-abreast with a single aisle. Baggage is carried in 707-size containers on the lower deck. The
configuration offers a very high degree of payload flexibility since the passenger cabin is not
obstructed by other airframe/engine components. The passenger appeal should be very high
because of good visibility and low cabin noise due to the aft engine installation. The cab is
provided with a movable visor for improved flight crew visibility at low speeds. The full
droop nose feature was not necessary since the unswept wing of high aspect ratio will not
need large nose-up attitudes during takcoff and landing approach.
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Wing Pivot

A preliminary wing pivot design s shown in figure 9. The bearing rings for the pivot of
the yawed wing are approximately 2.1 m (7 £t) an dismeter. The ring  are located between
the top of the tuselage and the wing underside. They are fastened to the w2z and the body
without interrupting the carry-through structure ot either. The thickness of the aircular
fuselage frames below the pivot is twice that of regular trames in order te react bending
loads introduced by the wing.

Duct/Propuision Irstallation

Figure 8 shows a prelinunary design for the integration of wnlet, engines and nozzles
with the aft fusclage. The two D-shaped inlet taces are separated from the sides of the
fuselage to capture undisturbed freestream air, Foilowing the straight ditfusor section the
inlet ducts are beat towards the aircraft centerline and the duct shape gradually changes into
4 circular sections. After an S-bend the ducts are led straight aft past the landing gear bay.
The volume required for sunport and stowage of the landing gear is created ir the shadow of
the S-bend. The structure around and between the inlet ducts forms the primary structure in
that region of the tuselage. Over the ontire length of the engine bay the fuselage structure
has a cruciform shape which is jointed on top to the empennage boom, figare 10. The 4
engines are supported from the side and have large cowl doors hinged for engine access and
removal. Structure for the engine nozzles is integrated with the »mpennage boom, Space for
engine accessories is provided by the aft fairing of the landing gear.

Main Landing Gear

The main landing gear truck prometry represents a scaled version of the contractor SST
Model 2707-300. 6-wheel, 12-tire truck. The main gear is shown in figure 11. The gear
retracts aft into the fairing behird the intake ducts and goes through three retraction cycles
to get there. The sequences we chiosen to minimize drag. After takeoff, when the gear 1s
fully extended. the truck is rotated about the shock strut 90°and relocked to camplete the
first ¢ycle. The truck is then rotatc 3 verticaily about the center wheel axle against the shock
strut and is held there by the truck rotation actuators completing the second cycle. The
whole gear is rotated about the upper tninnion to complete the third cycle thus completing
retraction. The reverse sequence is nitiated for gear extension. The down lock iury strut
also serves as an uplock. This an 1gement has only a partial free fall capability and is
completely dependent on hydraulic power sequencing for the three cyvcle operation.

The --ation of the Muin Gear is dependen.  n the space available behind the intake
ducts ane' is forced much further aft than is conventional causing a higher proportion of gear
load to be placed on the nose gear. There is an advantage here because wheel ' akes can be
included in the nose gear wheels. Takeoff rotation and high argle landing flare is not
required tor this configuration. Because of the small gear tread and the large turnover
moments of this high-wing aircraft. stability during g cund mancuvers is an area thot
requires more detailed investigations.
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Nose Gear

The nose landing gear supports approximately 307 of the aircraft weight. Since the
« » section for gear stowage is very limited below the passenger tloor, two tandem nose
gears have been incorporated. Each gear has a single axle with four wheels. All tires on the
aircraft arc the same size. The nose gear arrangement is shown in figure 12,

The outer cvlinder of the shock strut is the only component that is not common to
both the torward and aft nose gear units. Landing at reduced sink rate will be possible with
either unit retracted in the event one gear hangs-up in flight. A conventional steering unit is
included in each unit.

Empennage

The general arrangement of the empennage is shown in figure 8. The stabilizer is all
movable and is spindic-mounted near the rear spar of the vertical tail.

Aircraft Systems

Volume and access is provided for all of the required systems. The locations are shown
in figure 8. The systems have been located to enhance the balance of the airplanc.

Fuel System

The wing fuel capacity is sufficient for the design mission requirements. Fuel is carried
in integral tanks as shown in figurc 8. A dr bay is provided around the wing pivot. An aft
balance/trim tank is provided in the empennage boom ahead of the stabilizer.

CONFIGURATION COMPARISONS

Configuration weights are compared in figure 13. The initial baseline configurations
were developed for a gross weight of 272,155 kg (600.000 1*). Model 5-3 which underwent
a much longer period of development was configurated with a maximum gross weight of
226.796 kg (500,000 Ib*. The solid lines are the operational empty weights for the mission
sized airplanes.

The distribution of wing fuel and body fuel for the 5 bascline configurations are
-comparea in figure 14. The single-fuselage yawed-wing configuration provides sufficient fuel
volume for the 5560 km (3000 nmi) mission. Some of the fuel for the twin-fuselage
yawed-wing configuration must be carried in body fuel tanks. The wings on concepts 1 and
2 provide only very limited fuel capacity. Approximately 131 cu meter (4000 cu ft) of the
fuselage volume would be used for fuel tanks on the variable-sweep wing airplane,
model 2-2.

The methods and results of “sizing” these baseline configurations to achieve the design
mission objectives are discussed in the performance section that follows.
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CONFIGURATION PERFORMANCE
)
The following tasks were required to evaluate the performance of each airplane
configuration:

®  Assess the performance of the configuration as represented by its three-view
drawing.

e Determine. by parametric scaling, the airplane size required to meet the mission
objectives.

e  Evaluate the detailed performance characteristics of the selected sized airplane.

o Determine the impact of the noise goals on the sized airplane takcoff gross
weight.

These tasks were completed for the fixed-swept wing configuration 1-2, the

variable-sweep wing configuration 2-2, the delta wing configuration 3-2, the twin-fusclage

yawed wing configuration 4-2, and the single fuselage yawed wing configuration 5-3.

The sized airplane configuration for Model 5-3a has been used as a baseline for
additional studies that included:

o Flap angle study to examine the trade between noise and field length

o  Range capability versus gross weight

o  Design payload sensitivity study

@ The range capability for off design cruise speed (Mach .9 to 1.35)

In addition performance studies were made to identify the optimum yawed wing
aspect ratio and to aid in the development of an efficient aerodynamic configuration. The
critical sensitivity of all the configuration concepts to engine bypass ratio and to nacelle
installed drag was identified.

MISSION RULES AND PERFORMANCE OBJECTIVES

The flight profile and mission rules used in the sizing process (fig. 15) were consistent
with those used in the NASA advanced transport technology study. The allowances shown
in this figure were used for the climb, descent and reserves in lieu of detailcd evaluations. A

step cruise was used for the design domestic range.

The following performance objectives and constraints have been used to size the
airplane configurations.
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COCNO®,

©@®

RESERVEs (9)

BASIC MISSION

®
DEPARTURE DESTINATION
) o————— MISSION RANGE ————|
TAXIOUT o NINE MINUTES TAXI THRUST
TAKEOFF e FIELD LENGTH PERFORMANCE PER FAR PART 25

305m/ 32° C (1000 FT/90 F)

® ONE MINUTE TAKEOFF THRUST

® TAKEOFF AND SIDELINE NOISE CALC. PER FAR
PART 36 CONDITIONS

ENROUTE CLIMB ¢ A RANGE =272 Km (147 NMI) AW =.034 TOGW
INMITIAL CRUISE o DETERMINES BY LEVEL FLIGHT, MAX, CRUISE

ALT. THRUST, CRUISE MACH

CRUISE ® 1219m4000 FT) STEP ALT. CRUISE

DESCENT ® AR=306Km(165NMI) AWg =726 KG (1600 LB)

LANDING ® FIELD LENGTH PERFORMANCE PER FAR PART 25
305m (1000 FT)

o APPROACH NOISE CALC. PER FAR PART 36

CONDITIONS

TAXIIN ® FIVE MINUTES TAXI THRUST

RESERVES e .075 TOGW

FIGURE 15.—FLIGHT PROFILE AND MISSION RULES



e Objectives

Payload: 18.143 kg (40.000 Ib)
Range: 5,560 km (3.000 nmi)
Cruise Mach: 1.2

e Constraints

Minimum cruise altitude: 11.887 m (39,000 ft)

Ficld length: 3.505 m (11,500 ft) maximum

Landing approach speed: 333.4 km/hr (180 kt) maximum
e Noise goal 15 EPNdB below FAR Part 36

The range and payload objectives were selected for compatibility with the ATT study
(ref. 1). The Mach number was selected to achieve boom-free supersonic flight. This requires
that the airplane ground speed be less than the local speed of sound propagation on the
ground. Depending upon flight direction, season, and airplane altitude, cruise Mach numbers
in the range of 1.05 to 1.25 are allowed (fig. 16 from ref. 2) for east to west and west to
east transcontinental U.S. flights. A Mach 1.2 cruise speed has been selected since the
required engine thrust to balance drag is the largest at a high boom free cruise speed. This
tnrust level would then permit cruise at lower Mach numbers.

The minimum cruise altitude constraint was set by the selected maximum structural
design equivalent air speed of 180 m/s (350 kts) (see page 162). The field length and landing
approach speed were selected as maximum allowable upper limits.

The noise goal was a specified study objective. In order to assess the impact of this
design objective on each of the configuration concepts, performance calculations were made
with different sets of propulsion data representing three levels of sound suppression. The
results then clearly identify the gross weight penalty to achieve a specific noise level. The
engine design characteristics are defined in the Power System section of this report.

CONFIGURATION PERFORMANCE

The procedure that has been used to size the airplane configurations is illustrated in
steps 3 and 4 in the design synthesis chart of figure 2. The detailed design layout of each
coufiguration was evaluated to provide detailed basepoint thrust, weight, aerodynamic,
noise and flight controls data. In addition, scaling rules were derived by further analyses to
account for changes in wing size, engine size and gross weight variations in the resizing cycle.
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A parametric performance analyses described in references 3 and 4 were used to
determine the combination of aircraft characteristics that result in airplancs that meet the
range/payload objectives. A grid of various combinations of thrust to weight ratios, (T/W),
and wing loadings, (W/S), were selected to construct the design selection chart. For each
combination of T/W and W/S, a takeoff gross weight was determined that valanced the
operational empty weight, OEW, calculated for the component weights with the OEW
required by the mission. The mission required OEW was equal to the takeoff gross weight
minus the payload, fuel and reserves.

The mission analyses determined the cruise range, initial cruise altitude capability
(thrust and drag balance), and fuel required along the flight profile including reserves.
Engine performance was corrected for engine bleed requirements and installation losses.
Takeoff field length was calculated from generalized empirical performance curves. Ti:  flap
settings that minimize field length were determined. Approach speed was calculated for the
landing weight (OEW plus payload plus reserves) using the landing flap stall lift coefficient
and a 30% speed margin. Based on the payload and range objectives, the engine thrust size
and wing area were selected from design selection charts. The size selection was based on
minimizing takeoff gross weight (TOGW) while satisfying the performance objectives and
constraints.

The airplanes derived from the ‘“‘unscaled baseline” configurations by this procedure
are referred to as “mission sized” configuration or as “‘sized” configurations. These sized
configurations are distinguished from the parent uncycled baseline configuration by the
addition of a small letter after the parent configuration designator.

Example:
UNCYCLED QASELINE CONFIGURATION SIZE‘D CONFIGURATION

MODEL S 31 MODEL 5313

"

CONCEPT NUMBER | J

STUDY PHASE 11|

CONFIGURATION
VARIATION NUMBER |

MISSION SIZED CONFIGURATION CODE—J

This small letter also designates the design mission objectives as shown in table 2.

TABLE 2.—SIZED CONFIGURATION DESIGNATION CODE

MACH
LETTER CODE | \yoe o | RANGE  [PAYLOAD | NOISE OBJECTIVES
a FAR 36
18,143 KG
b 5560 Km (40,000 LB) [ FAR 36 5 EPNdB J
1.2 (3000 NMI) — -
¢ FAR 36 15 EPNGB
d 13,608 KG
(30,000 LB}
- FAR 36
. 22 680 KG
JL {50,000 LB}
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Typical design selection charts are shown in figures 17, 1&, and 19 for the fixed-swept
wing, delta wing, and single fuselage y. wed wing configurations. These design ~harts show
parametrically the effect of thrust/weight ratio (T/W), wing loading (W/S), minimum TOGW
(EYE), TOGW, initial cruise altitude capability (ICAC), takeoff field !zngth (TOFL),
approach speed (VA pp). and ratio of initial cruise lift coefficient to the lift coefficient for
maximum lift to drag ratio (CLR). All configurations were constrained by the 11,887 m
(39.000 ft) initial cruise altitude requirement. The delta wing conrfiguration was also
constrained by the takeoff field length objective not to exceed 3505 m (11,500 ft}. The
minimum gross weight represented by the “eye’ shown on (he paramctric design chart does
not meet the performance constraints. The effects of the design constraints are shown in
figure 20.

The performance characteristics of the sized configuration for the five concepts are
summarized in table 3. The corresponding design characteristics are shown in table 4. The
single fuselage yawed wing configuration (5 -3a) has the lowest: takeoff gross weight, wing
area, engine thrust size, approach speed, and FAR Part 36 noise levels. This configuration
has the highest cruise litt/drag ratio, L/D. This required a smaller engine with a
correspondingly lower fuel consumption.

The fixed swept wing configuration 1-2a and the variable sweep wing ~onfiguration
2-2a were appreciably heavier. The primary cause was the high installed nacelle drag
associated with the double pod arrangements. The pivoting wing struc.urai weight of
configuration 2-2a provided an additional detrimental effect,

The delta wing configuration 3-2a has ihe lightest structural weight. The landing and
takeoff speeds and field lengths exceed those of the other configurations. This is the recult
ol the low aspect ratio of the delta wing.

The double-fuselage yawed wing cornfiguration, 4-2a, has exccllent low sneed
performance but is quite heavy. This configuration could probably be improved wich a
lower aspect ratio wing and a favorable nacelle arrangement.

Figure 2) contains a g1oss weight comparison of all of the configurations.

A flap angle study on the 5-3a configuration was made to identify the field length
versus noise trade, figure 22. At the maximum flap setting, the takeoff speed, and field
lengths were the lowest. This setting was used in the parametric charts for the airplane
sizing. By reducing the flap angle the L/D’s were increased at the expense of higher liftoff

‘speeds and longer field lengths. The higher L/D increased the climb gradient and altitude

over the 6.48 km (3.5 nmi) FAR Part 36 takeoff noise station. This combined with a lower
engine power setting after cutback reduced the noise level approximately 5 EPNdB. The
higher L/D at approach with lower flap angle reduced the required engiie thrust to maintain
the 0.052 rad (3°) gli© slope over the 1.85 km (1 nmi) FAR Part 36 approach noise station.
A noise reduction of approximately 2 EPNdB results. However, the approach speed and
landing field length were increased.
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_‘_
S

/ MACH =12
RANGE = 5560 Km {3000 NMi)

TAKEOFF GROSS WEIGHT A
PAYLOAD = 18 143 KG 140,000 LB}

(1000 KG) (1000 LB

CONSTRAINED

PERIPHERAL TREATMENT (FAR 36
aof % jl& ai
X I N 1 : ,
: N /
- - s A
i S i i o
300 | 8 ; I S 2 E/
- 3 3 2 K3 @
600 3 % 5 J 3 E g
o 3 ] g =
$00 - -y 3 o Z
200} R kJ
400
200
wo} 2004
100 4
0 ° 12 22 32
AIRPLANE CONFIGURATION

FIGURE 20.—CONSTRAINED VERSUS MINIMUM GROSS WEIGHT COMPARISON
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NOISE PERFORMANCE STUDIES

Three levels of engine nacelle noise treatment have becn assessed on the study
configurations to determine the TOGW penalty versus noise reduction. The minimum noise
treatment level consisted of acoustically lined walls of the engine nacelle (peripheral) and
provided the lightest TOGW. The traded noisc level calculated from FAR Part 36 was used
as a single noise level comparison cnteria.

The impact on TOGW of achieving lower noise levels, with engine nacelle noise
treatment, is shown in figure 23. The TOGW increase was due to weight being added for
acoustical treatment and engine performance losses due to the acoustic treatment.

The yawed wing configurations were the on'y configurations found to be capable of
achieving relatively easily the noise goal of FAR 36 15 EPNdB. The single fuselage yawed
wing configuration achieved this objective with a gross weight slightly in excess of
227.000 kg (500,000 Ib). As shown in :able 3, the yawed wing configuration had a large
advantage in takeoff and landing performance over the fixed swept and delta wing
configurations.

Constant traded noise levels for model 5-3a as shown on the design selection chart,
figure 24, indicate that the constrained design was close to the minimum noise. At the
baseline wing loading of 6512 N/m (136 psf), FAR noise levels versus thrust loading are
shown on figure 25a. A decrease in thrust loading from the baseline caused the maximum
noise level to become takeoff/cutback dominant compared to sideline noise. Thrust loading
of .25 to .30 caused rapid changes in takeoff/cutback noise level. FAR Part 36 traded noise
versus TOGW, figure 25b, showed similar trends to the traded noise versus T/W of
figure 25a.

At the baseline thrust loading of .3, FAR noise levels versus wing loading are shown on
figure 26a. Sideline noise was dominant at most wing loadings. The resulting noise versus
TOGW, figure 26b, shows little sensitivity to wing loading because sideline noise is primarily
affected by thrust for a given engine ~ycle and noise treatment.

SINGLE FUSELAGE YAWED WING CONFIGURATION STUDIES
Range Capability Versus Gross Weight

The range capability of configuration 5-3a was evaluated with a wing area= 319.6 m
(3440 ft), sized engine thrust (TSLS) of 156,113 N (35,100 1b), a payload of 18,141 kg
(40,000 Ib), and a cruise Mach number of 1.2, figure 27. The range was affected by: changes
to the baseline fuel weight, cruise altitude, cruise L/D, and engine SFC. The 11,887 m
(39,000 ft) minimum cruise altitude constraint was not satisfied at ranges greater than
3560 km (3000 nmi). At ranges exceeding the design range, inc -easing airplane gross weight
resulted in a lower altitude capability, lower L/D, increased fuer consumption. and a range
limit of 7408 km (4000 nmi).
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Range-Speed Sensitivity Study

The 5-3a configuration, which was designed for a cruise Mach number of 1.2 and sized
for a range of 5560 km (3000 nmi), was evaluated to determine its range capability at cruise
Mach numbers of 0.9 1.05, 1.35. The results, as shown in figure 28, indicated that this
configuration could achieve the design range of 5560 km (3000 nmi) for the complete
“boomless” speed regime up to Mach 1.2. At Mach numbers above Mach 1.2 the cruise
thrust cannot balance the aerodynamic drag at altitudes that sotisfy the structuinl speed
placard. The subsonic range capability is more than 207% greater than the M = 1.2 design
range.

Payload Sensitivity Study

Two additional payloads, 13.605 kg (30,0001b) and 22,675 kg (50.000 1b) were
evaluated and compared to the baseline configuration, 18,141 kg (40,000 Ib) payload. The
weight, drag, and tail size changes due to the body length variations were accounted for in
each of these configurations.

The results of this study are shown in figure 29. TOGW increased as the payload
increased. However, the ratio of payload to TOGW (payload fraction) shows an
improvement with increasing payload. The sized airplanes for each of the different payloads
had equal wing loading and the OEW/TOGW was nearly constant. The equal wing loadings
resulted in increasing wing area with payload. The friction and wave drag changes associated
with the required body length changes were found to be self-canceling. However, the
increased wing area, as shown in figure 30, increased the lift/drag ratio. As a result, the
fuel/ TOGW requirements were less. This pioduced the improvement in payload/TOGW ratio
with payioad size.

Sized Airplane Definition—Model 5-3a

A number of trade and development studies were conducted with mission sized
configurations derived from the parent uncycled baseline configuration 5-3. These include:

e  Range capability study

e  Design payload study

o Impact of noise on TOGW
o  Wing aspect ratio study

The first three studies have been discussed in this section of the report. The wing
aspect ratio study is discussed in the yawed wing configuration evolution section.

Figure 31 identifies the particular configurations used in each of these studies.
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M = 1.2 CRUISE
PAYLOAD = 18143 KG (40 000 L8)
PERIPHERAL NOISE TREATMENT
TAKEOFF ENGINE THRUST (SEA LEVEL STATIC) - 156,133 N (35 100 LB) /ENGINE
GROSS WEIGHT WING AREA = 319.6m? (3440 FT2)
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FIGURE 28.—MODEL 5-3 RANGE VS SPEED
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Model 5-3a is the primary sized configuration derived from mode! 5-3 that has been
uszd in each of these development and tiade studies. The configuration drawing on figure
32, the drag surmary on table S. and the weight statement on table 6. illustrate the
character .ics of model S-3a derived trom the mission scalars.
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TABLE 5 -SCALED CRUISE DRAG SUMMARY, MODEL 5-3A

M=.9 1.05 1.2 135
28~ A
. ; i ,
I
B
241~ “
20—
SWEEP ALTITUDE (L/D)
RAD |DEG m FT
A6 .6981140 9144. {30,000 | 18.8
CL 7853 |45 | 10.058133.000 | 13.9
12 9599 |55 | 12,192[40,000 | 124
' 10122 |58 | 13.106/43.000 | 11.3
08}
04
| ] ! | |
0 .005 L1 03 .035 .04
M=12
ALTITUDE = 12192.0 m (40,000 FT)
- REF_LENGTH
COMPONENT AWET/S m (FT) CDF CDW COMMENT
BODY 2422 |a778|i288) | 00350 [ 00150 |~NO ENGINE  BODY
W - Bl NTERF 60005 | “NO ENGINE" WING + BODY
WING 1946 | 961315 00379 [ 00163 [Spgp = 319.6 m? (3440 FT2)
NACELLES+'W Nrppp | 306 18778 11288) 100045 1-000'S |A4LL WAVE DRAG RELATIVE TO
“NO ENGINE " AIRPLANE -
HORIZONTAL TAIL 171 | 324 (10641 | 00036 | 00050 ]S, =27 4 m? (295 FT2)
VERTICAL TAIL 163 | 481]01579) | 00034 | 00037 |Sy, = 255 m? (275 FT2)
MISCEL LANEOUS 00076 | ROUGHNESS AND PROTUBERANCES
THRUST SLST = 156,133 N (35.100 LB} ENGINE
TOTALS 5.028 00855 _| 00456
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TABLE 6.-UNCYCLED AND SIZED AIRPLANE WEIGHT COMPARISON® MODEL 5.3

ERR | M

o i

KG L8 <G LB
WING 35,830 79,000 30,120 66,400
HORIZONTAL TAIL 1,640 3,620 1,210 2.680
VERTICAL TAIL 860 1,900 670 1,490
BODY 26,040 57,400 26,000 57,310
MAIN LANDING GEAR 6.920 15,250 6,730 14,830
NOSE LANDING GEAR 2,080 4600 2,030 4,480
NACELLE AND STRUT 11,310 24,930 9,950 21,930
TOTAL STRUCTURE 84,690 | 186,700 76,710 169,120
ENGINE 8890 | 13,600 7,120 15,700
ENGINE ACCESSORIES, ENGINE CONTROLS,

STARTING SYSTEM 650 1,430 650 1,430
FUEL SYSTEM 2,460 5,430 2,460 5.430
TOTAL PROPULSION GROUP 12,000 26,460 10,230 22,560
ACCESSORY DRIVE SYSTEM 490 1,080 490 1,080
INSTRUMENTS 480 1,050 480 1,050
SURFACE CONTROLS 3,030 6,690 2,980 6,570
HYDRAULICS 1,970 4,330 1,940 4,270
PNEUMATICS 660 1,450 660 1,450
ELECTRICAL 1810 3,980 1810 3,980
ELECTRONICS 1,390 3,070 1,390 3,070
FLIGHT PROVISIONS 430 950 430 950
PASSENGER ACCOMODATIONS 5,570 12,280 5,570 12,280
CARGO HANDLING 750 1,660 750 1,660
EMERGENCY EQUIPMENT 340 740 340 740
AIR CONDITIONING 1.810 4,000 1,810 4,000
INSULATION 1,330 2,930 1,330 2930
AUXILIARY POWER UNIT 610 1,350 610 1,350
I WATER BALLAST SYSTEM 110 250 110 250
TOTAL FiXED EQUIPMENT 20,780 45810 20,700 45,630
EXERIOR PAINT + CUSTOMER OPTIONS 1,230 2,700 1,230 2,700
MANUFACTOR’'S EMPTY WEIGHT 118,700 | 261670 | 108,900 ; 240,010
STANDARD + OPERATIONAL ITEMS 5,140 11,330 5,140 11,330
OPERATIONAL EMPTY WEIGHT 123,840 | 273,000 [ 114,040 | 251,340
MAXIMUM TAKEOFF WEIGHT 226,796 | 500,000 | 211,828 | 467,000

NOTE: THE WEIGHT DATA FOR THE MISSION SIZED CONFIGURATION, 5-3a, WERE
DERIVED FROM THE UNCYCLED BASELINE CONFIGURATION, 5-3, BY THE
WEIGHT 3CALES USED IN THE DESIGN SELECTION PROGRAM. DETAILED
WEIGHT AND BALANCE ANALYSES WERE NOT PERFORMED ON THIS
PARTICULAR CONFIGURATION.
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YAWED WING CONFIGURATION EVOLUTION

The design and analysis expericnce that had been accumulated during the SST
prototype program and past transonic-supersonic system studies provided a broad data base
to develop the delta. fixed swept-wing, and variable-sweep configurations. The integration of
all the aircraft components into an integrated design proved to be quite straightforward for
the twin-fuselage yawed wing configuration. Extensive conceptual design and analyses
efforts were, however, necessary to evolve the single fuselage yawed wing configuration, 5-3.

The evolution process summarized in the appendix is discussed in this section along
with a review of supporting configuration development trade studies.

CONFIGURATION DEVELOPMENT

The major difficulty in developing the single fuselage yawed wing configuration proved
to be the integration of the landing gear and engines with the pivoting wing mounted on the
slender fuselage. The more than 30 conceptual arrangements necessary to develop the initial
single-fuselage configuration far excczded the number of arrangements required to develop
the other aircraft concepts (table 7). Some of these earlv concepts are illustrated in figures
33 through 38,

Initial Configuration Definition

A high wing cenfiguration with four engines was selected for more extensive
development. The wing planform selected corresponded to the guasi-elliptical wing of the
wind tunnel mode! tested at NASA Ames (ref. 5). This wing had an equivalent elliptical axes
ratio of 10:1 which corresponds to an unswept aspect ratioc of 12.7. The characteristics of
this planform aie described in the aerodynamics section of this report.

Qualitative high-wing versus low-wing design investigations indicated that a location of
the pivoting wing high on the fuselage allowed a greater degree of flexibility for developing
an integrated configuration than a low wing arrangement. Preliminary NASA wind tunnel

ata had indicated that the high wing installation has less drag. The relative merits of the
high-wing verst:s low-wing arrangements are summarized in table 8.

Integrating the landing gear with the airframe requires different design approaches for
- high-wing and low-wing aircraft. On concepts 1-2, 2-2, and 3-2 where the wing is mounted
low on the fuselage. the center of gravity, cg, is also located low in the fuselage. In order to
provide the aircraft with sufficient stability when manecuvering on the ground a minimum
angle of 1.05 rad (60°) is required between the center of gravity znd the contact points of
the wheels on the ground. This determincs the minimum gear tread. Because of the high
wing location for model 5, the center of gravity is located considerably higher in the
fuselage and a much larger landing gear tread is required (fig. 39). A high-wing does not
provide a satisfactory support for the landing gear. Supporting struts extending from the
lower fuselage were therefore added. The struts were designed to also support two engines
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FIGURE 34.~MODEL 5-02 CONFIGURATION
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TABLE 8. -LOW-WING VS HIGH-WING COMPARISON

WING LOCATION

DESIGN ITEM HIGH LOW
WING WING
WING-MOUNTED MAIN GEAR - +*

A/P GROUND MANEUVERING -
OUTRIGGER GEAR -
PASSENGER SAFETY
CONFIGURATION INTEGRATION
FUSELAGE ACCESSIBILITY
WING/BODY FAIRING

TAKEOFF ROTATION
AERODYNAMIC DRAG

+ + + o+ o+
|

*+ INDICATES FAVORED WING LOCATION

.%q LOW-WING AIRCRAFT —* HIGHWING AIRCRAFY

e

1.05 RAD
(60°)

MIN. REOUIRED
GEAR TREAD

FIGURE 39.—LANDING GEAR INTEGRATION



and thereby fulfill a dual function. A full front view of the single fuselage, yawed wing
configuration is shown in figure 40. The landing gear is stowed below the cabin floor. In
order to avoid interference between engine efflux and the all flying stabilizer, the second set
of nacelles were mounted on cach side of the vertical tail. The configuration that evolved
from these consideraiions is shown in figure 41.

A detailed drag evaluation of this configuration identified high wave drag associa.ed
with the installation of the two rear engines. This design was modified by replacing the tail
mountcd cngines by a single center engine with S-duct inlet. figure 42. This was the initial
single fuselage yawed wing configuration analyzed in depth for comparative evaluation with
the other concepts.

Configuration Improvement Studies

Results of the initial detailed configuration evaluations are shown in figure 43. The
unit wing weight of the single fuselage yawed wing configuration was significantly higher
than that of the conventional planform configurations. In addition, the wave drag for this
configuration was higher than had been anticipated.

Further configuration development efforts were, therefore, directed at designing an
aerodynamically improved arrangement with a reduced wing weight. The method emnloved
was first to reduce the wing unswept aspect ratio from 12.7 to 10.2 and then to increase
overall configuration slenderness ratio by reducing the body cross-sectional area, increasing
the body length and moving the engines and landing gear away from the concentrated area
near the wing-body pivot station. Configurations that were developed to achieve these
objectives are shown in figures 44 through 49.

Based on the qualitative assessments shown in tables 9, 10, and 11, and weight versus
drag evaluations summarized in table 12, the aft-integrated engine arrangement, 5-2-8A, was
selected for detailed development and definition. This lead to configuration, model 5-3,
which incorporated a wing with an elliptic axes ratio of 8:1 (aspect ratio= 10.2).
Subsequent studies have indicated that this is nearly the optimum elliptic axes ratio for this
configuration. The detailed characteristics of this configuration are discussed in the
configuration description section.

The results of the reduced span and configuration improvement efforts as summarized
in figure 50 provided a significant reduction in the size of the airplane required to achieve
the design mission objectives.

BYPASS RATIO STUDY

The sensitivity of the single fuselage yawed wing configuration to engine bypass ratio
was investigated on the three-engine arrangement 5-2-4 (fig. 42). The bypass ratio 1 engines
were replaced with bypass ratio 4 engines. The redesigned confiz'.ation with the bypass
ratio 4 engines is shown in figure 51. The configuration was resized to achieve the design
mission.
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TABLE 11.-FLIGHT CONTROLS ASSESSMENT
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The re.ults of this study are shown in figure 52. The bypass ratio 4 configuration is
significantly heavier than the bypass ratio 1 configuration having the same type of acoustic
treatment.

Increasing the acoustic treatment on the bypass ratio 1 engine by addition of a jet
suppressor indicates that even at equal noise levels the bypass ratio 1 configuration is a
much lighter arrangement. The higher bypass ratio configuration suffers from the weight
penalty associated with the rapid growth in engine size required to produce the same thrust
at the cruise altitude as for a lower bypass ratio engine.

WING DEVELOPMENT STUDIES

A weight versus drag trade study was made to determine the optimum wing
thickness/chord ratio for 8:1 and 6:1 for elliptic axes ratio wing planforms. The 8:1 elliptic
axes ratio wing with a maximum unswept thickness/chord ratio of 12 was selected as the
reference configuration. The variations of wing weight, OEW. and drag, Cp. with thickness
ratio are shown in figure 53. These variations in weight and drag were combined and
equated to equivalent takeoff weight changes, TOGW, by sensitivities derived for the single
body yawed wing configuration 5-2-4.

These results show that the thickness/chord ratio of 12% is close to the optimum
thickness/chord ratio for the 6:1 wing. The unconstrained optimum thickness/chord ratio
tor the 8:1 wing exceeds 12%. Because the increased possibility of buffet and flow
separation for thick wings, the wing maximum thickness has been iimited to 12% in this
study.

During the configuration development studies on the single fuselage yawed wing
configuration, the effect of reducing the wing elliptic axes ratio from 10:1 to 8:1 was
investigated on the three-engine configuration 5-2-4. The elliptic axes ratio effect was
further investigated on the aft integrated engine configuration 5-3 by reducing the elliptic
axes ratic from 8:1 to 6:1. The combined results of these studies are shown in figure 54.
The wing aspect ratio has a profound influence on the design takeoff gross weight.
Furthermore, the elliptic axes ratio 8:1 wing (aspect ratio = 10.2) is very nearly optimum
for the single body yawed wing configuration.

YAWED STABILIZER

The single fuselage yawed wing configuration developed in this system study
incorporated a conventional swept planform horizontal stabilizer because of design
simplicity. One of the possible arrangemcnts for utilizing an oblique horizontal tail
investigated for the three-engine configuration, 5-2-4, is shown in figure 55. The tail is
located above the fuselage with the supporting structure inside the fuselage. The leading
edge is aft of the vertical tail rear spar. In this way, neither the stabilizer nor the elevator
will interfere with the body and fin during all modes of operation. Spanwise cutouts in the
elevator are not likely to be required. Support of the stabilizer in the body will result in a
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FIGURE 51.-GENERAL ARRANGEMENT, MODEL 5-2-3
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short and efficient structural load path. Tk usc of a yawed stabilizer could offer potential
performance benefits by a reduction in the acrodvnamic drag, and a possible reduction in
the required tail size. This would require a detailed study with supporting wind tunnel data.

BODY CROSS-SECTION STUDY

The minimization of body cross-sectional area is acrodynamically important on
transonic and supersonic configurations. A blended strut-body arrangement was examined as
a possible approach to reduce the body area on the three-engine configuration 5-2-4
(fig. 56).

The passenger cabin for this arrangement was locally interrupted for gear storage. The
forward and aft passenger compartments were connected by a narrow corridor. The
reduction in fuselage depth eliminated the underfloor cargo compartment. Fuselage length
was therefore added for storage of passenger baggage on the upper floor. Further
lengthening of the fuselage was necessary in order to make up f>r the passenger floor area
that was lost for landing gear storage.

The modification rcduced the fusclage cross-sectional area by more than 2.78 m2
(30 ftz). This combined with the increase in length reduced the supersonic wave drag of the
fuselage substantially. The structural design of ti + fuselage however, would be com-
promised considerably. The effect on passenger appcal of a partially windowless fuselage
would have to be examined. The results of this study are summarized in figure 56.
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CROSS SECTION COMPARISON

OLD (FUSELAGE + STRUTS) 16.0 m2 (172 FT2)
NEW (FUSELAGE + STRUTS) 125 m2 (135 FT2
A AREA -3.5m? (-37 FT2)
AL BODY +7.6 m (25 ET)
AC -.0012
BwAavE  15.20% OF
WAVEroTAL
CONCERNS
e FUSELAGE STIFFNESS (+ WEIGHT)
e WING PIVOT SUPPORT (+ WEIGHT)
e NONCIRCULAR PRESSURE SHELL (+ WEIGHT)
e ADDED BODY LENGTH (+ WEIGHT)
e STRUCTURAL INTEGRATION (ENGINE & LANDING GEAP' (+ WEIGHT)
e LOSS OF WINDOWS, SERVICES (PASSENGER APPEAL)

FIGURE 56.-BODY CROSS-SECTION STUDY
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CONFIGURATION ANALYSIS AND METHODS

This section contains a description of the design and analysis methods the. have been
used in the study. The technology levels assumed in the development ¢f the configurations
are identificd. The results of specialized studies that impact the development of the
configurations have also been includ~d.

AERODYNAMICS
¢ aerodynamics tasks included the following:
o Acrodynamic design integration of the tive basic concepts tor efticient flight.

e Development of the aerodynamic characteristics o1 the conrigurations by
specialized tradeoff studies.

e Integration of a compatible high lift system for cach concept.

e Evaluations of the aerodynamic characteristics of all concepts to provide the
necessary resizing data for tk » . performance calculations. These :ncluded
both flaps up cruise configuratio. ~>s as well as the flaps down takeolf and
landing evaluations.

The theoretical methods used in th: we-~dynamic design and analyses studies were
modified to permit application to the yawed v : configurations.

Acrodynamic design characteristics were developed ‘or each of the airplane concepts.
The high spee? cruise and the low sp.~d landing and takeoff aerodynamic data were
calculat. d for the study configurations. Low speed aerodynar .. calculations were also made
for the single fuselage yawed wing configuration to compare the takeoff anc landing
performance with and without rotation.

Parametric and off-design aerodynamic data were dcveloped for the airplane sizing,
trade, and sensitivity studies.

Aerodynamic studies were also undertaken to obtain a better understanding of
- wing-nacelle interference and body-nacelle interference at transonic speeds.

Aerodynamic Design .\pproach

The aerodynamic design approach was to design for minimum crui ag within
practical design constraints. These practical constraints which impact such t.....gs as wing
thickness distribution, wing aspect ratio, airfoil shapes, and nucelle location are necessary to
provide a balance between acrodynamic, structural, and configuration arrangement
requirements, The aerodynamic characieristics for all of the concepts were developed by
similar procedures as summarized in table 13.
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TABLE 13.-DESIGN SELEC: ON PROCEDURE

WING

PLANFORM

THICKNESS

CAMBER & TWIST

EXFLOIT = “ODYNAMRIC BENEFITS WITHIN
STRUCTLU  _ CONSTRAINTS

WEIGHT VS DRAG TRADE STUDIES

DEVELOPED BY LINEAR THEORY

800DY

AREA DISTRIBUTION

AREA RULED TO MINIMIZE CRUISE DRAG

NACELLES
SHAPE DICTATED BY ENGINE SIZE. AERODYNAMIC,
WEIGHT CONSIDCRATIONS AND CONFIGURATION
APRANGEMENT
LOCATIONS CO  IGURATION ARRANGEMENT AND
AERODYNAMIC CONSIDERZ JIONS
TAILS
PLANFORM SET 8Y FLIGHT CONTROL REQUIREMENTS
THICKNESS WEIGHT VS DRAG TRADE STUDIES




Wing Definition

A realistically optimized wing planform requires a deficate balance between the often
conflicting demands imposed by aerodynamic. control, configuration. and weight consider-
ations. Previous contractor transonic/supersonic aerodynamic/weight trade studies were
reviewed to aid in the selection of the wing planform and thickness characteristics for the
fixed swept wing, variable sweep wing. and delta wing contigurations.

The B2707-300 SST wing planform and thick.:ess distribution wer. used for the delta
wing contiguration (model 3-2). Previous aerodynamic studies had shown that this was close
to the optimum transonic planform for a low aspect ratio delta wing.

The outboard leading edge sweep for the variable sweep planform of model 2-2is .96
rad (55°). This is close to the optimum sw-ep for a moderate aspect ratio plantorm. The
~utboard leading ~dge sweep for the fixed wing of model -2 is .87 rad (50%). This is less
than the optimum sweep but provides a greater aspect ratio (more span) for the low speed
conditions. Both the variable sweep wing and fixed swept wing have supersonic trailing
edges to reduce the structural span lengths. The inboard trailing edges were extended in the
streamwise dire~tion on both planforms out to approximately 40% semispan. This provides
additional wing depth and volume without increasing the thickness/chord ratios which
influence the wing wave drag. Increasing the inboard leading edge sweep 1s aerodynamically
beneficial for the fixed wing and variable sweep wing configuration. This leading edge
“strake” helps the configuration arrangements by providing additional depth for the front
portion of the linding gear box. Leading edge strakes, however. can produce severe wing
pitch up. A review of B2707-300 SST wind tunnel data established that a strake comparable
with the B2707-300 strake would *e acceptable. The spanwise thickness distributions were
derived from the results of previous trade studies.

The yawed wing planform that has bzen studied and tested at NASA-Ames (ref. 5) was
initially selected for the yawed wing concepts. The eiliptic axes ratio of the planform was
subsequently reduced from 1U:1 to 8:1 as a result of detailed weight vs drag trade studies.
Since the design objective for all of the wings was to minimize cruise drag, a study was made
to determine the optimum cruise sweep angle. An aerodynamic parametric analysis and
optimization program that combines the analytic wave drag and drag-due-to-lift for a yawed
elliptic (refs. 5. 6. and 7). and the skin friction method of reference 8 was used to calculate
the isolated wing lift/drag ratios. The design cruise sweep angle was selected as the angle for
maximum isolated-wing lift/drag ratio. Typical resuits are shown in figure 57. The sweep
angle which maximizes the wing lift/drag ratio depends primarily on the elliptic axes ratio
“and wing thickness and provides a normal Mach number that is below the critical Mach
number of current technology airfoil designs. As the design Mach number is increased, the
optimum wing sweep increases to maintain approximately the same normal Mach number.

An elliptic spanwise variation of thickness was sclected for the * awed wing. This is the
thickness variation for minimum wave drag (ref. 6). The maximum unswept thickness to
chord ratio was limited to 12% to allow the wing to achieve its design potenti:! without
encountering flow separation. The selected spanwise variation of thickness, as shown in
figure 58, has significantly less wave drag than the type of thickness distribution that has
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been used on the carlier NASA wind tunnel models. An airfoil shape was selected to provide
the necessary spar depths with a generous leading edge radius. This same wrfoil was used for
all of the planforms.

The comber and twist distributions for all configurations were developed by the

~ M Fy & RN - . T R T
fivestep procedure chown in fimers £ 7 4,000 Lncar seradynimic Hicory

The twist distributions for the conventivnal planforms. as show.. in fig e 60, have
severe variations in the area of the body. near the strake junction and near the tip region.
Modifications in the twist distributions were necessary to remove these discontinuities
introduced by the linearized theory. As a result of the modifications. these planforms
cannot achieve the theoretical minimum drag due to  it.

The smooth design camber and twist distribution for the yawed wing should be able to
achieve nearly the minimum drag due to lift. The main area of concern is the possibility of
tratling edge separation induced by the pressure gradients near the truling edge.

The numerical calculation procedure for the yawed wing was checked by comparisons
with the exact theory minimum drag due to lift (ref. 7). An example of this comparison is
shown in the upper night corer of figure 60.

Body Design

The bodies for all of the configurations were area ruled to minimize the volume wave
drag by the use of the transfer rule described in reterences 9 and 10. The nacelles on the
low-wing conventional planform configurations were shielded from the body pressure field
by the wing. The bodies for these configurations were therefore area ruled only in the
presence of the wing and tails (fig. 61).

The nacelles on the yawed wing configurations are strongly influenced by the body
pressure field. The body arca ruling for these configurations considered the wing. tails, and
nacelles. The automated numerica! piocedures used for area ruling the conventional
planform is shown in figure 62. This numerical procedure was adapted for the yawed wing
applications as shown in figure 63. The wing area distribution was calculated as one-half the
sum of the area distributions of an equivalent swept forward wing and an equivalent aft
swept wing. The wing area distribution was then converted to an equivalent-area center
nacelie and then input with the other airplane components into the standard program.

Nacelle Considerations

The nacelle shape, size. location, and operating conditions all influence the nacelle
interference with the other configuration components. The nature of the aerodynamic
interference is strongly affected by the aircraft configuration arrangement characteristics.
The dominant interference effect is between the nacelles and the wing on the delta wing,
fixed wing. and variable sweep configurations. The dominant interference effect is between
the nacelles and body on the yawed-wing configurations.
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COMPUTER PROGRAM

-t
1
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BODY CONTROL AREAS
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FIGURE 62.-CONVENTIONAL PLANFORM AREA RULE PROCEDURE

FIGURE 63.—YAWED WING CONFIGURATION AREA RULE PROCEDURE
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The analyses of the early baseline configurations indicated that the nacelle installed
drag was a major drag item or all of the configurations. Studies were therefore initiated to
gain a better understanding of transonic installed nacelle drag. The results of these studies
are discussed in the nacelle-airplane integration studies section (page 114).

The linear aerodynamic theory numerical methods (refs. 9, 10, 11, 14, and 15) that
have been used for the aerodynamic design of the study configurations are summarized in
table 14.

Figures 64, 65, and 66 illustrate the aerodynamic ~onfiguration delinitions for the
fixed wing, delta wing, and single-fuselage yawed wing configurations,.

Aerodynamic Analysis Approach

The drag calculation methods (refs. 8 and 12 throu_h 15) that have been used for all of
the configurations are summarized in table 15. These methods which were used in the
contractor SST development studies have been well substantiated for conventional aircraft
configurations by numerous test vs theory comparisons such as those of figure 67. Although
the theories are equally applicable for configurations without lateral symmetry, modifica-
tions to the numerical methods were necessary for the yawed wing analyses.

The trim drag for any configuration denends on a number of things that include the
required tail trim angle, the wing drag due to lift, the downwash in the region of the tail,
and the lift coefficient. The requircd tail angle is determined by the required moment to be
t~“mmed, the tail trimming effectiveness, the center of gravity location, and the elastics of
Lu. airplane.

The minimum theoretical trim drag as shown in figure 68 has been used throughout
this study for all airplanes. This was necessary since the pitching moment characteristics and
the tail trim capability must be determined by test data, and a detailed aeroelastic analysis.
This is an area where further study is necessary to develop the trim drag characteristics of
each configuration.

Baseline Configuration Evaluations

The cruise drag polars, wetted areas, and component drags for each of the five
uncycled baseline configuration concepts are shown in tables 16 through 20. A similar cruise
drag description for the mission sized configuration 5-3a as developed by the drag scalars is

-shown in the perforn.ance section (table 5).

A cruise drag comparison of the various uncycled baseline configurations is shown i
figure 69. The friction drag is nearly identical for all configurations. The double body
configuration friction drag increase is the result of the increased wetted aiea of the two
bodies. The effect of the gher aspect ratio in reducing the drag due to lift is quits evident
for the yawed wing configurations. A miajor difference in drag for the contigurations was
found to be the wave drag due to volume.
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TABLE 14.-AERODYNAMIC DESIGN METHODS

Aerodynamic design item Method Reference
Camber and twist Middieton-Carlson 1
distribution Mach box
Body contouring Transfer rule 9
10
Nacelle design and
location
® Thickness interference ® Area rule program 15
e Liftinterference o Modified Middleton-Carlson 14
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TABLE 15.-CRUISE DRAG ESTIMATION METHODS

Co “Cpr*CpwtCp *+€p +Cp

misc trim
% —t C + C
DL Dtnm
c Cr=——p{ |t
L Drise
Cor § Cow
:>
Co
— -

Brag component Method Reference
Cop---- - friction drag ® Sommer and Short T* method 8
Cow -+ - - - wave drag ® Supersonic area rule 15

o Linear theory wing and body
thickness pressures
CDL ...... drag due to lift e Middleton-Carlson Mach box 12,14
Cc ... .trim drag e Middieton-Cartson Mach box 13
Dtrlrn
CD ... .miscellaneous
misc drag
® Roughness drag
® Air conditiomng ® SST procedures
e Propulsion system
e Struts e Two-dimensional transonic
similarity




DRAG AT ZERO LIFT
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FIGURE 67.-TYPICAL TEST-THEORY COMPARISONS
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TABLE 16.—CRUISE DRAG SUMMARY, MODEL 1-2

'32:-_———_—— ——— e Gt GS—— Se——
(L/D)MAX =9.01

28 r—

24}

20} Y

C
L
16+ / MACH = 1.2
/ ALTITUDE = 12192 m (40,000 FT)

A2 - /

.08 |- / /

04 B /

/7
o 1 ! | 1 1 | 1
0 005 .01 015 02 025 03 035 04
Cp
A
COMPONENT WETREF. LENGTH Cp, | Cp,, COMMENT
80DY 1681 | 78.49 |(257.5)} 00244 |.00386
(W-BINTERF. r00520
WING 1.634 [ 11.73 |1 38.5)|.00308]00670| Sref = 466.52 m2 (5000 F¥2)
NACELLES + ~SLST - 206842 N
INTERFERENCE | -376 | 11.43 |( 37.5).00071].00502] THRUSY (46,500 LB)/ENGINE
HORIZONTAL TAIL | .258 | 4.785}i 15.7)| 00056 | 00086| Sy = 74 32 m? (800 FT2)
VERTICAL TAIL 194 | 6.37 |1 20.9)| 00040 00048| Sy = 51.097 m? (550 FT2)
MISCELLANEOUS 00107
NOMINAL UNSIZED AIRPLANE

TOTALS 4.143 .00719] 01279
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TABLE 17.-CRUISE DRAG SUMMARY, MODEL 2-2

/

32 r /
p “"/D)MAX =9.01
28 |
24 }+
/7 MACH = 1.2
y: ALTITUDE = 12192 m (40,000 FT)
16 I J/
A2 F /
o8 | J/
/
04 | //
0 é A L A — i 5 | 1
0 .005 01 015 .02 .025 .03 .035 .04
Cp
COMPONENT Awe 7/S|BEE_LENGTH “op [Coy COMMENT
m tFY)
8ODY 1666 |78.49 [1257 5 | 00241] 00302
W B)NTERF 00362
WING 1609 11280 [t 4201 | 00799) 00430 | Spep 4655 m? (5000 £17)
NACELLES ¢+ INTERFERENCE | 376 |1143 [t 375 | 00074)00526 | THRUSY SLST 206842 N (46500 LBI/ENGINE
HORIZONTAL TAIL a2 | 518 |t 1700 | o0o6a]ooroz | s, - 74 32 m? 1800 F12)
VERTICAL TAIL 177 | 6096t 20 0) | 00037} 00046 | S\, 51097 m? 1560 F17)
MISCELLANEOUS 00110 | ROUGHNESS AND PROTUBE RANCES
fNOMINAL UNSIZED AIRPLANE]
TOTALS 4 130 no715f 01154




TABLE 18.—-CRUISE DRAG SUMMARY, MODEL 3-2

/

32
(L/Dypgax = 9-26
28}-
e —
241
CL
20+
A6
MACH=1.2
ALTITUDE = 12192 m (40,000 FT)
A2 /
.08 r
04l /
oL/ l n 1 1 1 L |
0 .005 0 015 .02 025 .03 .035 .04
Co
REF LENGTH
COMPONENT AweT S co. I COMMENT
WET S———ertCo¢ oy,
BODY 1697 | 78 49 [1257 51 | 00231 00248
W BYyNTERF 258
WING 1698 (1356 [« 445 | 00312} 00359 | Sppr = 506 3m? 15450 FT7
NACELLES - INTERFERENCE | 450 | 1106 | 36 27| 00085{ 00233 | THRUST SLST = 240204 N (54 000 LB} ENGINE
HORIZONT AL TAIL 176 | 4133 3561| 00039 00057 | 5}, - 74 32 m? 800 FTZ,
VERTICAL TAIL 187 | 656 | 2151 00035[00047 Sy 851097 m? (550 FT2,
MISCELLANEOUS 00104 [ ROUGHNESS AND PROTUBERANCES
l NOMINAL UNIZED AIRPLANE ]
TOTALS 00705| 00790
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TABLE 19.- CRUISE DRAG SUMMARY, MODFEL 4-2

32
h—— —— — 4 ‘L/D)MAX=11.1O
.28 |
MACH = 1.2
.24 —
/ ALTITUDE = 12192 m (40,000 FT)
20 /
CL /
6 |- /
2 | /
.08 - //
04 |- Yy, /
0 Z ] 1 | | 1 L I
0 005 .01 .05 .02 .05 .03 .03 .04
)
M=1.2
ALTITUDE = 12192.0 m {40,000 FT)
COMPONENT ﬁ\ﬂéﬁllﬂ%—'-ﬁ'%{— Cop | Coy COMMENT
BODY 2.288 | 65.78 |1215.8)] 00341| 00220
(W- Bl NTERF. 0.0
WING 1.927 | 10.21 | 33.5/|.00369|.00082| Sggg < 464.5 m? (5000 FT2)
A FEREnCE | 395 | 9.78 [t 32.1|.00077[.00144] wiTH NO INTERFERENCE
HORIZONTAL TAIL | .307 | 3.69 | 12.11{.00068{.00109] s, = 46.45 m? (500 FT2)/BODY
VERTICAL TAIL 317 | 6.22 |( 20.4)|.00065/00101 Sy = 51.097 m? (550 FT2)/BODY
MISCELLANEOUS 00125 ROUGHNESS AND PROTUBERANCES
- SLST = 106825 N
THRUST: (42,000 L B)/ENGINE
NOMINAL UNSIZED AIRPLANE
TOTALS 5.234 .00920{.00781




TABLE 20.—CRUISE DRAG SUMMARY, MODEL 5-3

M=9 1.05 1.2 135
32
28 |- (:_(/{.42‘)
[/,
24
CL
.20
2 cul SWEEP | ALTITUDE |
DEG| m (FT) MAX
A6 - 40 | 9144. |(30,000)| 19.5
45 |10058.4} (33,000)| 14.3
a2 -
55 | 12192. }(40,000)| 12.8
.08 58 113106.41(43,000)] 11.6
041
0 L | 1 i |
0 .005 .01 .015 035 .04
Cp
M=12
ALTITUDE = 12192.0 m (40,000 FT)
COMPONENT Ayer/S|REF. LENGTH | ¢ Icp COMMENT
m vy 1 F w
BODY 2100 | 87.78 |(268.0) | 00309l 00129 | “NO ENGINE” BODY
(W B NTERF. | 00005 | “NO ENGINE" WING + BODY
WING 1946 |10.36 [( 34.0) [ 00379.00163 | Sggp = 371.6 m® (4000 FT4)
NACELLES + INTERFERENCE | 0.271 [867.78 [(288.0) | .00040-00012 | ALL WAVE DRAG RELATIVE TO “NO
ENGINE” A/P
HORIZONTAL TAIL 0185 | 3.642{( 11.95)| .cona1|.00054 | 5y = 34.56 m? (372 FT2)
VERTICAL TAIL 0177 | 5.407|( 17.74)| .00037{.00040 | 5, = 32.24 m? (347 FT2)
MISCELLANEOUS .00070 | ROUGHNESS AND PROTUBERANCES
THRUST: SLST = 160136 N (36,000 LB)/ENGINE
[NOMINAL UNSIZED AIRPLANE]
TOTALS 4.679 0080600439
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The isoleted and integrated wave drag buildup for each of the unsized configurations is
shown in figure 70, The conventional airplanes and the single-fuselage yawed-wing
configuration ail have a net favorable interference. The double pod installed drag on the
fixed wing and on the variable sweep is significantly higher than the single pod installation
on the delta-wing concept. This is the result of the large size of the nacelles.

The integrated drag of the double-body yawed-wing concept is significantly higher than
the sum of the isolated drags. This is primarily due to the unfavorable interference on the
tail-mounted nacelle installation.

It should be possible to integrate the nacelles for no more than isolated nacelle wave
drag. This drag level with zero nacelle interference has been used to identify the ‘‘drag
potential” for the double fuselage yawed wing configuration. To achieve this reduced drag
level, the nacelles would have to be separated. This can be achieved by moving the nacelles
forward on the fuselage.

Low-Speed Capability and High Lift Systems
Estimation Methods and Procedures

The low-speed aerodynramic characteristics of the study configurations were estimated
by methods used by the contractor for preliminary design configurations on which no wind
tunnel data exists. In genetal. the procedures were based on theoretical considerations but

" were tempercd by flight test and wind tunnel data wherever applicable. For rapid evaluation
of low-speed characteristics, the procedures described briefly below have been programmed
for processing by the CDC 6600 computer.

The basic flaps up lift curve was constructed from a zero angle of attack intercept and
a lift curve ~lepe which is a furction of aspect ratio, thickness ratio, and quarter-chord
sweep angle. The slope was adjusted for the effect of the body and for the addition to wing
pianform arca effected by the extension of leading and trailing-edge flaps. The maximum lift
coefficient of the basic, flapsup wing was determined according to aspect ratio and
quarter-chord sweep angle.

Leading edge devices reduce the lift coefficient in the linear lift range and this effect
was computed using a theoretical value for flap effectiveness and part span effects. The lift
increments due to trailing-edge flaps were .ctermined from empirical section flap
effectiveness data. Adjustments were made to account for three-diraensional effects and the
‘geometry of the flap system.

The maximum lift increments due to leading edge and trailing edge tlaps were
determined from empirical data that has been correlated in terms of the ratio of leading
edge device arez to wing area, ratin of trailing edge device area to wing area. and ratio of
wing arec subtended by flaps to total wing area.

Drag polars were constructed by estimating the minimum parasite drag of the flaps-up
coniiguration at *ypical takeoff and landing Reynolds numbers at sea level. Increments to
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minimum parasitc drag for leading and trailing edge devices were added from test data
correlated on the basis of flap to wing area ratios, flap chord ratios, type of flap and flap
deflection. Slotted, trailing edge flap parameters were evaluated in terms of the extended
flap chord ratios.

Drag duc to lift was added as CLzlﬂAR then modified by additional drag terms.
Additional parasite drag, ACpp, was applied as a function of CL - CLp, necessitating the
determinatior of an increment to Cp for leading ard trailing edge devices. Again, this was
evaluated from empirical data as a function of planform area to wing area for the leading
edge flap and as a function of lift increment for the trailing edge flap. An additional drag
due to lift, ACp; B term was added to account for the discontinuous span loadi .2 due to
the part span fil;ps. This term was evaluated using constants obtained from Royal
Aeronautical Society data shects.

Pitching moments were evaluated by first estimating the zero Lft pitching moient,
CM,, and aerodynamic center of the basic flaps up configuration then adding the increment
produced by the flap lift acting at its estimated center of lift position.

The incremental buildup of the above process is sketched in figwo 71.

Ground effects were estimated from relationships derived from the computation of the
effects of a vortex image upon a simple horseshoe vortex. The predominant efiects arc the
reduction in downwash allowing a given lift to be produced at a lower angle of attack and
the reduction of freestream velocity resulting in reduction of all coefficients at a given angle
of attack. This procedure has shown reasonably good agreement with test data.

L.ow Speed Characteristics Summary

A summary of the low speed aerodynamic data for the study configurations in terms of
second segment lift/drag ratios (L/Dyy) versus lift coefficient (CLy) and operating
attitudes for takeoff and landing is shown in figure 72. The 5-3 configuration summary
curve is shown both with and without leading edge devices to shov the large lift/drne
increment associated with the leading edge flaps, particularly at low values of trailinr
deflection. The “without leading edge” curve also provides a better comparison wit..
other yawed wing study configuration 4-2. The reduction of second segment lift/drag ratio
of 5-3 from 4-2 is attributed to the lower asect ratio and the large effective flap chord of
the 5-3. Low speed performance of the 5-3 was based on the data with leading edges
extended.

High Lift System Definition

Wing planform and flap system geometry are shown in_table 21. All of the low. .peed
analyses were performed using a nominal wing area of 465 m2, (5000 ft<).

Rotating vs Non-Rotating Configurations

The nonrotating takeoff and landing procedur.. for the single fuselage yawed wing
configuration, 5-3, are unorthodox for transport category airplanes but should present no
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TABLE 21.—~WING PLANFORM AND FLAP SYSTEM PARAMETERS

CONFIGURATION

NOMINAL PLANFORM

FLAP SYSTEM

1-2

SREE. 465.5 mZ (5000 F12)

CURVED L.E. FLAP,Cy g /C=0.10

(ARROW WING) StRap. 391.1 m? (4210 FT?) DOUBLE SLOTTED T.E. FLAP,
C/a. 803 RAD (46 DEG) C¢/C = 0.30
AR 3.97 Ca/Cy = 040
A 0.30 C/C=1.25
b. 3341 m {1293 FT) by/b - 9.35
22 SR 465.5 m? (5000 FT2) CURVED L E. FLAP, €, ¢ /C = 0.10

{VARIABLE SWEEP
WING)

Srrap. 359.5 m2 (3870 FT2)
Cia, 262 RAD (15 DEG)

AR (UNYAWED) 555

A 0

b, 44 65 m (1465 FT)

DOUBLE SLOTTED T.E. FLAP,
C4/C = 0.30
Ca/Cy = 0.90
C'/C =125
by/b = 0.48

32 SpEF. 506.3 m? (5450 £ T2) DROOPED L E. FLAP,
(DELTA WIiNG) STRAp. 506.3 m? (5450 FT2) SA' .E AS 2707-300
C/4, 733 RAD (42 DEG) PLAIN T.E. FLAP,
AR 2.56 SAME AS 2707-300
A 0.13 by/b = 0.59
b.36.06 m (1183 FT)

42 Speg. 465.5 m? (5000 FT2) NO L.E. FLAP

(ELLIPTICAL C/4,0. RAD (0 DEG) PLAIN T.E. FLAP,
WING) AR (UNYAWED) 12.75 C4/C = 0.25
10:1 £'/C=1.0
A ELLIPSE by/b = 0.68
b, 76.93 m (252.4 FT)

53 SpEF- 465.5 m? (5000 FT2) CURVED L.E. FLAP,C, ¢ /C =0.15
(ELLIPTICAL C/4,0 RAD (0 DEG) DOUBLE SLOTTED T.E. FLAP,
WING) AR (UNSWEPT) 10.2 C4/C = 0.25

8:1 CA/Cq=0.40
A ELLIPSE C'/C =12
b, 68.88 m (226 FT) be/b = 0.74




operational problems since the concept has long since been proven on such airplanes as the
B-47 and B-52. Discussions with B-47 and B-52 pilots verified the operational simplicity of a
nonrotating configuration. At a speed slightly below scheduled liftoff specd a small amount
of back pressure is appiied to develop a definite upward accelerztion to prevent the airplane
from skipping along the runway when lift and weight are nearly equal. The flare out of the
landing approach requires very little change in airplane attitude to achieve a *‘two point”
touchdown. Both gears touching simultaneously or rear gear first is the preferred
touchdown procedure as nose gear first tends to make the airplane porpoise.

Although a nonrotating configuration could be certified under current Federal Aur
Regulations a reexamination of FAR 25 would be recommended. particularly with regard to
the section relating rotation speed. liftoff speed and minimum upstick speed.

Since the ground roll attitude is, in effect. the geometry limit. normal takeoffs would
be performed at essentially minimum unstick speed. As shown in figure 73 these liftoff
speeds provide adequate ;afety margins and requiring the airplane to lift off at speeds lugher
than minimum unstick would unnecessarily penalize takeoff performance.

The low speed aerodynamic characteristics which were calculated for model S-3 as a
rotating and as a nonrotating configuration are compared in figures 73 and 74. The
performance calculations of the nonrotatable 5-3 were based on an angle of attack of .026
rad., (1.5 deg). equal to the wing incidence angle.

The second segment operating point was assumed to be at the same lift coefficient as
liftoff. Landing approach was assumed at .026 rad., (1.5 deg), angle of attack, thus the
landing flare weuld require an attitude change of only glide slope angle minus .026 rad (1.5
deg). Figure 73 indicates the differences in attitude and lift coefficient for a rotating versus
a nonrotating configuration. At the maximum flap deflection investigated, .785 rad (45
deg), the nonrotating liftoff speed is 6.18 m/sec (12 knots) higher than that of the rotating
airplane. Approach speed is higher by 2.06 m/sec, (4 k-ots).

Figure 74 shows similar lift/drag ratios for the two configurations when operated at the
same flap setting, but a lower L/D for the nonrotating configuration when operating at the
same speed. Elimination of the leading edge device would provide a substantial improvement
in low speed performance, particularly at low flap angles. Elimination appears feasible for
the 5-3 since the operating speeds would still be higher than the cusrent 1.2. Vg and 1.3 Vg
requirements of FAR 25 for all but the highest flap deflection.

The large difference between nonrotating operating speeds and 1.2 Vg leads to a
possible operational concept to rcduce sideline noise. The configuration performance
section (fig. 25a) indicated how quickly takeoff noise rather than sideline noise becomes
critical as thrust is reduced. If field length were not critical, takeoff thrust could be reduced
to minimize sideline noise. After liftoff the airpiane could continue o rotate to he attitude
for 1.2 Vg. thus trading excess velocity for altitude.

11
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Planform Study

The low speed characteristics of the yawed wing, nonrotating configuration were
calculated for two planforms. The basic nonrotating configuration, 5-3, had an 8:1 ellipse
planform with an aspect ratio of 10.2. Configuration 5-3-1, had a 6:1 ellipse planform with
an aspect ratio of 7.65. Characteristics of the 5-3-1 are shown in figures 75 and 76.

Although operating speeds for the 5-3-1 would only be a few meters/sec faster than for
5-3, lift drag ratios would be reduced by several units. This would be detrimental to the
landing and takeoff perform .nce and community noise.

Nacelle-Airplane Integration Studies

L ransonic or supersonic nacelle installed drag is critically dependent upon the aircraft
configuration arrangement. A number of studies wer. undertaken to provide a better
understanding of the nacelle interference drag at transonic speeds. These studies
investigated:

o Nacelle separation and stagger effects
e Engine arrangement effects on nacelle installed drag.

e Engine size effects on wing-mounted, body-mounted and buried engine
arrangement:..

Nacelle Drag Factors

The factors that contribute to nacelle drag on a conventional wing installation such as
on the fixed-swept wing, variablesweep wing and delta-wing arrangements are summarized
in figure 77.

The major wave drag interference components on wing installations include the
wing-nacelle buoyancy drag. the mutual interference between adjacent nacelles and the
reflection drag of the nacelle pressures glancing off the wing back on to the nacelle.

The major interference drag components for a body mount engine installation include
the mutual interference between adjacent nacelles plus the body-nacelle buoyancy drag. The
mutual body buoyancy drag and the reflection drag of the body pressures bouncing off an

-adjacent planar surface on to itself, as shown in figure 78, are quite similar.

When two :autual bodies are close to each other the drag on each is nearly doubled. As
the bodies arc separated, the positive compression from the front of the bodies pushes from
the back of the adjacent. This creates favorable interference and car produce a sizablz
reduction in drag. Staggering two adjacent bodies can produce a similar effect. In this case
the nose compression pressures from trailing body push on the aft end of the forward body.
The att expansion pressures of the forward body pull on the nose of the trailing body. The
combination of these two effects can produce favorable interference.
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Nacelle Stagger and Separation

A theoretical study of the combined effects of nacelle separation and stagger for a
body mounted nacelle installation was conducted to provide aerodynamic design guidance
for the yawed wing configurations. The body mounted nacelle installation on the early
single fuselage yawed wing configuration 5-2-4 was selected as the base configuration for the
study. Wave drag calculations were made at various separation distance between the nacelles,
and for various amounts of stagger at the difference separation distances. In all cases the
nacelles were staggered equally fore and aft to maintain the same center of gravity location
as on model 5-2-4. For cach nacelle location the fuselage was area ruled to minimize Mach =
1.2 wave drag. The mutual nacelle interference drag, and the body-nacelle interference drag

were calculated for each loczi:on. In addition, the change in body wave drag associated with -

the rcquired body area ruling (body shape drag} was also determined.

The results of this study as shown in figure 79 indicate that the lowest wave drag
installation occurs when the nacelles are mounted close to the body without stagger. The
mutual nacelle interference is high but the body area ruling produces a strong favorable
pressure field that results in a net reduction in drag. The body shape drag partly cancels
th., effect.

Staggering the nacelles located close to the body (separation distance = 2 4 nacelle
diameters), reduces the mutual interference and body shape drag. However, the corre-
sponding loss in body-nacelle interference makes nacelle siagger undesirable, The effects of
nacelle stagger for a separation distance equivalent to that cn 5-2-4 (4.75 diameters) are
quite similar.

The effect of nacelle shape, and further aft nom:inal nacelle locations and other Mach
numbers were not investigated.

Engine Arrangement

A number of various engine installations were considered during the development of
the single-fuselage yawed wing configuration. A comparison of the nacelle installed crui.e
drag for some of these arrangements is shown in figure 80.

The high installed drag of the 4-engine arrangement was primarilv due to the
untavorable interference drag of the pair of tail mounted cngines which is effectively a
double pod installation.

The tail mounted nacelles were replaced by a center engine with an *S duct” and the
engines were increased in size to provide the same thrust as the 4-engine arrangement. The
nacelle friction drag was essentially unchanged but a net favorable interference drag was
acaieved.

{n order to identify the drag associated with the intergrated nacelle installation a
comparable airplane configuration without engines was aerodynamically designed and
analyzed. The changes in total skin friction drag relative to the “no engine” body friction
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drag was called “nacelle friction drag.” The “nacelle wave drag” included all of the wave
drag differences between the integrited engine configuration and “no-engine” configuration.

The iniegrated nacelle arrangement on model 5-3 achieved a negativ: ir <talled wave
drag. In addition, the friction drag was reduced since the body wetted area was increased by
a relatively small amount to contain the engines.

Engine Siz. " ffects

It was necessary to determine the nacelle installed drag variation with engine size as
part of the drag scaling input data for the airplane sizing studies.

The effect of engine size on naceile installed drag for win-meunted nacelle installation
of the delta wing configuration 3-2 is shown in figure 8114. This also represents the effect of

engine bypass ratio since the higher bypass ratio engines “iook like” large low-bypass ratio
engines.

The variation of nacelle installed drag with engine size for a three engine single fuselage
yawed wing configuration is shown in figure 81b. The effect of engine size on the
intergrated nacelle design of model 5-3 is shown in figure 8l1c.

The installed nacelle drags for these configurations are compared with each other in
figure 82. The results shown in these figures indicate that:

e The unfavorable effect of engine size on transonic nacelle drag is most severe for
wing mounted installations

o The integrated engine arrengement has very low installed drag for low bypass ratio
engines.

o The body mounted nacell® instaliation is the lowest drag arrangement for large
bypass ratio engines.

Quasi-Elliptical Planform Study

The yawed-wing and body wing tunnel models tested recently at the NASA Ames
Research Csnter, (ref. 5) had quastelliptic planforms with a straight 25% (hord line. A
study has " ~-n made to identify the favorable or unfavorable characteristics of such a
‘planform.

Equivalent elliptic axes ratic 8:1 wings (AR = 10.2), with the 1/4 chord li..c straight,
and with the planform reversed so that the 3/4 chord line v/as straight were considered, (fig.
83). The straight 3/4 chord line tends to produce a nearly stiaight trailing edge. The straight
1/4 chord line produces a more curved trailing edge and a n. rly straight leading edge.

Cruise drag calculations and qualitative structural, and flap design assessments were
made for each plnform. The results are shown in figure 83.
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The straight trailing cdge arrangement would allow a slightly better trailing tlap system.
In addition. the straight trailing would tend to sweep the wing elastic axes slightly aft.
Neither of these considerations were identified as significant.

The cruise wave drag for the straight 3/4 chord planform is 1.5 drag counts more,
(ACp = .00015), than the wave drag of the straight 1/4 chord planform. The minimum drag
due to lift potential for each pianform were calculated to be about equal. The minimum
drag design for the planforin with the 1/4 chord fine straight produces positive zero lift
pitching moment (CMg). This is generally desirable for trimming the irplane with a
horizontal tail developing positive lift.

The pitching moment charactenstics for the two 8:1 plantorms indicate thut at the
design lift, ‘CL/Cdes, = 1.0). the mumimum drag wings produce equal but opposite pitching
moments that are very nearly zero.

The aerodynamic center for the straight 3/4 chord planform lies forward of the
aerodynamic center location for the straight 1/4 chord line planform. It is this difference in
the aerodynamic center locations that accounts for the variations in the pitching moment at
zero lift. For equal stability margins, the straight 3/4 chord planform would require a more
forward center of gravity location and a tail down load 1o trim.

The ditferences in the relative aerodynamic center locations can be visualized by
comparison of the equivalent low aspect ratio wing planforms whose local wing span
corresponds to width of yvawed plantorms cut by parallel planes perpendicular to the
streatnwise direction.

According to slender wing theory, the local spanwise lift coefficient depends on the
local rate of change of the span width. The equivalent slender wing for the straight 3/4
chord planform is “fuller’” near the leading edge, hence, more lift is produced on the front
wing pancl. This accounts for the more forward aerodynamic center location for this
planform.

The planform with the straight 1/4 chord was selected for the yawed wing
configuration because of the wave drag and trim drag considerations.

Model 5-3 Drag Variation With Mach Number

The range variation with cruise speed was calculated for the single-fuselage yawed wing

-configuration 5-3. This required that:

e  The variation of the optimum sweep angle with Mach number be determined.
e  Off dusign cruise drag be calculated at the optimum sweep angles.

Detailed drag calculations were made for each M:ch number with the design sweep
position of .96 rad (55 deg). The variations of drag due to lift, wing wave drag and wing
friction were ‘hen calculated by the analytic yawed wing optimization program previously
described.



The results of the sweep selection study are shown in figure 84. The optimum sweep
for model 5-3 differs very slightly from sweep angle for maximum isolation wing maximum
lift/drag ratio. The corresponding normal Mach number is approximately constant and equal
to 0.73.

The vaniation of the cruise drag of model 5-3 with Mach number is shown in figure 85.
Maximum lift/drag ratios are shown for the baseline configuration as represented by the
design layout in figure 8 and for the configuration sized to achieve the design mission. The
maximum lift/drag ratio for the mission sized configuration varies from 20.4 at Mach 0.7 to
11.3 at Mach 1.35.

These maximum lift/drag ratios, (L/D)p o x» significantly exceed the L/D ratios for the
other configuration concepts in this study. To achieve these theoretical low levels of drag
the elliptic wings develop lift ncar the trailing edges. The possibility of trailing edge
separation induced by the pressure gradients near the trailing edge is an area of concern that
requires wind tunnel guidance.

FLIGHT CONTROLS
The Flight Controls tasks have included the following:

e Empennage sizing and center of gravity limits—Estimation of horizontal and
vertical tail sizes and center of gravity limits that satisfy critica' stability and
control criteria.

e  Flight characteristics analysis—Estimation of static and dynamic stability for
selected critical fiight conditions.

o Synthesis of a flight control system—Examined briefly a stability augmentation
concept for the yawed wing airplane configuration.

o Single fuselage yawed wing configuration development-—Assessed the various
configurations in terms of the flight controls design criteria.

Design Ground Rules

The study ground rules assumed 1985 state-of-th -art flight controls hardware
‘capability, including fly-by-wire control systems. An all flying stabilizer/geared elevator
longitudinal control system was employed to provide adequate control power for the high
speed dive recovery mancuver. Longitudinal and lateral-directional stability augmentation
systems (SAS) were assumed o be critical for safety of flight, such that the aerodynamic
performance of cach configuration would not be compromised in order to provide inherent
stability. An alpha limiting control system was further assumed to avoid any undesirable
high alpha pitch-up or lock-in stall characteristics. The use of an alpha limiter implies that an
adequate useable angle of attack range is attainable throughout the flight envelope. This can
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be verified only with appropriate complete configuration wind tunnel testing. All the study
philosophy ground rules, which involve research and development hardware design items,
need to be developed to provide operational systems of high reliability.

Airplane Balance and Empennage Sizing
Design Criteria

In the design of each study configuration, the horizontal and vertical stabili<:ng and
control surfaces were chosen to provide adequate trim and mancuvering canhiiity
throughout the flight envelope. The horizontal and vertical tails were sizcd (5 proide
adequate augmented dynamic stability, takeoff rotation, engine-out control, landing it'm
and flare capability in addition to sufficient airplane nose down control power to avoid high
alpha locked-in stall. A flight critical SAS, comparable to the B2707-300 design, was
assumed to assure that the resulting augmented longitudinal and lateral-directional static and
dynamic stability characteristics would be acceptable for the airplanes as balanced. The
estimation of the stability characteristics necessitated an appraisal of the critical flight
condition based on assumed rigid aerodynamic characteristics and aeroelastic properties of
each configuration. The study design philosophy (flight critical SAS) resulted in airplanes
having inherent aerodynamic characteristics that were stztically unstable subsonically but
stable for supersonic cruising flight conditions. Engine-out control capability was checked
for each study configuration based on the specified takeoff field length and normal
operation rotation schedules. Adequate ground steering capability was obtained on those
configurations that rotate during takeoff by locating the main gear behind the aft
center-of-gravity location so as to maintain three percent of the minimum takeoff weight on
the nosewheel.

Longitudinal Analysis

A minimum size horizontal tail, compatible with the required center-of-gravity range
and the allowable limits for stability and control, was chosen for each configuration. With a
loading range established by weight and balance, adequate trim and control capability at the
forward center-of-gravity location was then obtained by the sizing of the stabilizer/elevator
system. The Flight Controls aft center-of-gravity stability limit was determined by locating
the center-of-gravity aft of the most forward elastic airplane maneuver point encountered in
the flight envelope. A preselected margin of -6.6 percent M.A.C. between the aft
center-of-gravity and the critical most forward maneuver point was obtained from extensive
contractor simulation analyses conducted on the SST. The B2707-300 employed a full-time

-stability augmentation system judged to be very acceptable by the pilots in stabilizing the

minimum operational descent and landing flight conditions at heavy weight, where the aft
center-of-gravity location was behind the airplanes unaugmented maneuver point.

The critical most forward elastic maneuver point on configurations 2-2, 3-2, 4-2 and
5-3 was encountered during the low speed approach. At higher Mach numbers, the variable
sweep and delta planform rigid wing-body aerodynamic centers moved aft compensating for
the increased aeroelastic losses that tend to move the elastic airplane maneuver point
forward. The critical elastic maneuver point for the fixed wing configuration 1-2 occurs at a



high subsonic speed where the rigid wing-body aerodynamic center location has not moved
aft but where the wing-body and tail aeroelastic losses have moved the airplane elastic
maneuver point forward of its low speed location.

The forward center of gravity limit on all configurations was set by trim and flare
requirements during the landing approach, flaps down. The horizontal tail planform was
selected as a compromise between aerodynamic effectiveness and aeroelastic losses.

Directional Analysis

The vertical tail sizes were chosen to insure acceptable augmented levels of
lateral-directional dutch roll dynamic stability; auring the minimum operational speed flight
conditions. In addition, the vertical tail rudder control system was designed to provide
adequate engine out control capability during takeoff. From B2707-300 augmentation
studies, an unaugmented dutch roll undamped natural frequency w,, of 2.3 rad/sec was
selected as the dynamic stability design requirement. Vertical tail effectiveness, wing body
directional instability, sidewash characteristics and inertial properties were then estimated
and vertical tail sizes selected for each configuration. Engine-out control capability did not
become a vertical tail size designing criteria for any configuration with the engines located
relatively close to the fuselage centerline. The vertical tail planforms were selected as a
compromise between aerodynamic effectiveness and aeroelastic losses. The airplane balance
and empennage sizing criteria are summarized in table 22.

Singie Fuselage Yawed Wing Configuration
Dynamic Stability and Control Characteristics

The yawed wing airplane introduces unique stability and control characteristics as a
result of the bilateral unsymmetric configuration. Because of the inertial and aerodynamic
cross-coupling in the airplanes six degrees-of-freedom equations-of-motion, conventional
mehods of predicting an airplane’s dynamic stability characteristics are not applicable to the
analysis of the yawed wing airplane.

For airplanes having bilateral symmetry, the six degree-of-freedom equations-of-motion
can be conveniently separated into two three degrees-of-freedom sets describing separately
the longitudinal and lateral-directional dynamic stability characteristics. The vaweA -
introduces inertial and aerodynamic cross-coupiing between the equations-of-1 i 1sets. A
complete six degrees-of-freedom large disturbance solution of the equations of motion was
required to predict the dynamic stability characteristics. These equations included all of the

- classical non-linear inertial coupling as well as the aerodynamic coupling of the yawed wing.

Aerodynamic strip thecry was usci to estimate the cross-coupling aerodynamic
stability derivatives. In ora. to present meaningful dynamic response characteristics
without defining a specific S.  arrangement, a longitudinal statically stable airplane with a
10% static margin was assumed. The stability and control response characteristics were
investigated for the rigid airplane at a subsonic flight condition. The analysis of the rigid
yawed wing airplanc dynamic stability and control characteristics concentrated on those
flight characteristics peculiar to a single fuselage yawed wing configuration. The dynamic
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stability analysis was conducted to understand the impact of the cross-coupling inertial and
aerodynamic forces and moments uniquely associated with a yawed wing configuration.

Aerodynamic Cross-Coupling

The longitudinal/lateral aerodynamic coupling for a yawed wing airplane with the left
wing forward, right wing aft, in a positive airplane nose-up pitch maneuver is shown in figure
86. In addition to the aerodynamic rolling moment resulting from sideslip, tileron and
rudder deflections, roll rate and yaw rate, the bilaterally unsymmetric yawed wing airplane
will also experience an aerodynamic rolling moment resulting from pitch rate. As a result of
the positive pitch rate about the y-axis, the trailing wing pitching down sees an incremental
increase in angle of attack and lift. The leading wing pitching up experiences an opposite
incremental decrease in lift. A negative aerodynamic couple about the rolling x-axis, is
therefore produced as shown.

The yawed wing airplane will experience an incremental pitching moment due to roll
rate, yaw rate and aileron deflection in addition to the applied aerodynamic pitching
moment which results from angle of attack, time rate-of-change of angle-of-attack and pitch
rate. As shown in figure 87. in a positive roll maneuver (right wing down) about the x-axis,
the trailing down going wing sees an incremental increase in lift while the forward up going
wing sees an incremental decrease in lift producing an aerodynamic coupling about the
y-axis. Furthermore, an incremental pitching moment is produced when the airplane is
yawed about the z-axis. This pitching moment is a result of the increase in the normal
velocity component on the left forward moving wing and decreases in the normal velocity
component on the ‘railing rearward moving wing. This phenomenon is more commonly
associated with the rolling moment which results filom a yaw rate on conventional
symmetric airplanes. A positive antisymmetrical deflection of the aileron controls will also
produce a significant negative nosc down pitching moment on the yawed wing airplane. An
opposite (negative) aileron deflection will produce a positive nose up pitching moment.
Consequently, rolling the airplane right or left results in an opposite transient coupled
response with the yawed wing airplane. However, when a steady state roll rate is obtained,
the pitching moment produced by the ailerons is cffectively cancelled by the opposing
pitching moment produced by thic 10l rate.

When a conventional swept wing airplane is sideslipping positively, the normal
component of velocity on the leading wing is increased while the trailing wing normal
component of velocity is decreased. The associated increase in leading wing lift and decrease
in trailing wing lift produces a rolling moment (diheral effect), with no change in the
-resultant total wing lift. However, the yawed wing in positive sideslip cxperiences a net
increase in total wing lift with no resulting rolling moment because now both the leading
and trailing wing panels see the same increase in the normal component of velocity.
Conversely, negative sidelsipping produces a net decrease in wing lift with the left wing
forward as shown in figure 88.

Prediction of NASA Ames Yawed Wing Model Airplane Maneuvers

A radio controlled model of a single fuselage yawed wing design has been flown at the
NASA Ames Research Center. A simulation was made of the elevator loop and aileron roll
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large disturbance maneuvers performed oy NASA’s airplane as a preliminary step in
determining the dynamic stability characteristics of the yawed wing configuration. This
simulation included the complete nonlinear equations of motion including aerodynamic and
inertia cross- -~ tpling terms. A transport type aircraft. however. would never be required to
perform these iaaneuvers. These maneuvers are presented te illustrate the impact of the
cross-coupling aerodynamic forces and moments.

With sufficient thrust available, the more conventional bilaterally symmetric airpiane’s
response to a step elevator command is a loop in the x-z plane (fig. 89). The yawed wing
airplanes response to an elevator step input is a “helical loop.” a steady state pitching/rolling
maneuver in which the airplane pulls up. rolis left ana translates sideways in the x-y 2irplane
following a flight path about a cylinder whose axis is aligned with the yawed wing sweep
angle (fig. 90). During the “helical loop.” the airplane essentially rotates about iis swept
wing axis at a rate equal to the vector sum of the steady state pitch and roll rates about the
x and y axes, respectively. The roll rate participation involved and the corresponding
orientation of the cylindrical flight path in the x-y plane are proportiona. to the pitch rate
developed and the yawed wing sweep angle. (fig. 91). The aerodynainic cross-coupling
between the roll and pitch axes is a direct result of the rolling moment produced by the
wing as it is pitched, as discussed previously. The essence of the steady state helical loo;
maneuver lies in the balance obtained between the applicd aerodynamic rolling moments
which result from the elevator induced pitch rate and the resistance of roll rate. The small
pitch and roll angular accelerations present in the time history display reflect the increasing
tightness of the loop as the step elevator command was not romoved and the airplane
slows down.

Another large disturbance mancuver flown with the radio controlled yawed wing
model was an aileron roll (fig. 92). The computer simulation illustrates, as does the flying
model, that the yawed wing airplane rolls with very little pitch involvement. The aileron roll
demonstrates how quickly the pitching moment developed by the wing in roll cancels the
pitching moment initially produced by the antisymmetric deflection of the ailerons. A
complete 360 degree roll manecuver to the left is accomplished in eleven seconds. The
maximum steady state roll rate is attained within one second of full aileron control
deflection. However, before the steady state roll rate can be obtained the positive aileron
deflection produces a nose down pitch rate and an incremental load factor ANz - .4g’s. As
the steady state roll rate is obtained the aileron pitching moment is effectively cancelled by
the pitching moment induced by roll rate. Conversely, a roll to the right results in a positive
inciemental load factor ANy = +.3g’s. The difference in the airplanes response to right and
left roll maneuvers will be important in the flight control system synthesis. The motion

following the transient response includes all the inertial and aerodynamic cross coupling
forces and moments contained in the classical equations of motion.

Dynamic "tability and Control Response Characteristics

The yawed wing longitudinal dynamic stability characteristics include lateral-
directional motion participation due principally to the aerodynamic cross coupling forces
and moments. The response to an elevator control pulse illustrates a high frequency w-ll
damped motion comparable to the 747, (fig. 93). However, due to the rolling moment
induced by the pitch rate, the motion also exhibits a lateral response in phase with the
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longitudinal response. The induced roll rate produces a bank angle variation which results in
an immediate heading change. The impact of the cross-coupling aerodynamic moments is
apparent. The stability derivatives that were used for this simulation are shown in table 23.
The flight control system of a yawed wing configuration must interconnect the longitudinal
and lateral controls to maintain acceptable flying qualities. An example of the pitch/roll
aerodynamic coupling is apparent in the low frequency lightly damped phugoid motion
resulting from the elevator pulse, (fig. 94). As the pitch attitude changes, corresponding
changes in bank and heading angles follow.

The lateral-directional dynamic stability and response characteristics (Dutch roll
motion) of the straight wing configuration are very comparable to the 747 except for the
lack of roll participation, (fig. 95). As was pointed out earlier., the yawed wing airplane does
not develop a rolling moment when sideslipped due to wing sweep as do conventional
airplanes. However, a small rolling moment due to sideslip does exist due to the upflow
about the body in sideslip of this high wing configuration. As the yawed wing configuration
increases its wing sweep, the aerodynamic resistance to rolling is decreased allowing more
roll participation in the lateral-directional motion. However, as the roll participation (roll
rat¢, increases with wing sweep, pitching moment induced from the roll rate is also
increased. Consequently, in addition to the yawing and rolling accelerations felt by the
passengers, a significant vertical acceleration would be apparent due to coupled pitch
response, (fig. 96). Coupled axes motion response to control inputs may require a
decoupling augmentation system for passenger comfort.

Conceptual Stability Augmentation Arrangement

As seen from the dynamic response characteristics of the yawed wing airplane, the
yawed wing flight control system may be required to decouple the applied and induced
cross-coupling aerodynamic forces and moments. The conceptual augmentation arrangement
displays the conventional control system elements, figure 97. The longitudinal and lateral
directional flight critical SAS feeds back forward velocity and pitch rate through the
stabilizer, roll rate through the ailerons and side acceleration and yaw rate through the
rudder. The feed forward control augmentation arrangement illustrates the interconnecting
of the controls required to provide only pitch response to a stabilizer command and roll
response to an aileron command. To ensure decoupled axes response, the decoupling
stability augmentation system will feedback roll and yaw rate through the stabilizer with
pitch and yaw rate teedback through the aileron. As with current Boeing airplanes, the flight
control system would be designed such that normal operating maneuvers would not require
rudder control coordination. The basic augmentation arrangement without the decoupling is
- essentially the B2707-300 design. The flight control system required for the yawed wing
airplane would require additional design effort to synthesize the flight critical SAS, feed
forward interconnecting control surfaces and the decoupling augmentation elements
without saturating the control authority. This system would require more development than
that -.ecessary for a symmetrical airplane, but it is believed to be entirely feasible.
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TABLE 23.—SINGLE FUSELAGE YAWED WING CONFIGURATION,
5-5 AERODYNAMIC DATA (RIGID)

PARAMETER UNITS Ay ©0° Aw 45°
c,‘0 - 0124 -0
cZO 044 044
C.y 1/DEG - 14 - 076
C"‘o 031 031
Cmg 1/DEG - 0114 - 0076
Cyp 1/DEG - 0061 - 0061
Cnp 1/DEG 00074 60103
Ceg 1 DEG - 00063 - 00105
C.. 1.RAD | -083 -105
Crny, VRAD | -335 -45
Cl& 1.RAD | -206 -206
Cma /RAD | -83 -370
Cpé 1’RAD 0 -354
Cy: 1,RAD 152 215
Cn; 1/RAD - 049 - 105
Ce: 1/RAD 058 070
Crr: 1/RAD 0 383
cy‘.) 1/RAD - 039 - 055
cn‘; 1/RAD 0ns 0230
c% 1/RAD - 600 - 425
cm;) 1/RAD 0. -354
C"sa 1/DEG 0 0.

Cgaa 1/DEG -.00224 -.00133
Cm% 1/DEG 0. -0
Cy5r 1/DEG 00256 00256
C"a, 1/DEG - .00077 - .00109
Cqbr 1/DEG .00019 .00028
Czae 1/DEG ~.00222 - 00222
ms, 1/DEG -.009 - .009

144

MACH - 6
ALTITUDE - 4572 m (15,000 FT)
Spep = 465mZ (5000 FT2)

¢ 65m(214FT)

bREFA-0 = 76 8 m (252 FT)

bREFy - 45 = 54.3m (178 FT)
LONGITUDINAL STABILITY BASED
ON 10% STABILITY MARGIN

Sy = 516 m2 (555 FT2)

Sy = 339 m? (365 FT2)

Vi - 45

BA g c /4
Vy = 034 SED ON /4 TO“TAIL



FLIGHT CONDITION
M = .60
ALTITUDE = 4572 m (15,000 FT)

RIGID AIRPLANE —
AIRPLANE CONFIGURATION /A& _ A yy = 665 RAD
Atw/4 = 785 RAD (45 DEG) =785 RAD (37.5°)
10:1 ELLIPSE YAWED WING ' o 747
> 45%) —
PITCH ATTITUDE "/ __Aw=0RAD (0°)
Py ~-—-A , = 785 RAD (45°)
.05
1
0 o}
RAD | DEG -
-05
-4 =
BANK ANGLE
ar
.05 S
RAD | DEG -~ ‘\\
0 or T ,I‘ > ~~ P
‘| ,O’/ \\~‘ - o _..o"" -~
] !
-.05 L v
HEADING
4r
.05 -
RAD | DEG e
o T_ o - \‘ P ,’ stE‘i
\~ "" “ﬁ---.__
.05 -
4L
ELEVATOR ANGLE
-0
RAD  DEG
-10 [ ﬂ
0 0 l- .
L L ! 1 1 L i |
0 20 40 60 80 100 120 140
TIME, SEC

FIGURE 94.—~YAWED WING AIRPLANE RESPONSE TO ELEVATOR CONTROL-

PHUGOID MOTION

145



146

L 785 RAD

iIGH NDITIC
FLIGHT COND N }\(4SDEG)

M = 60
ALTITUDE = 4752 m (15 062 FT)
RIGID AIRPLANE

AIRPLANE CONFIGURATION
ATW/4= 785 RAD (45 DEG) Lyl (0 DEG)

10:1 ELLIPSE YAWED WING .=-m. Ay = .655 RAD ~--Ay = -785 RAD

BANK ANGLE (37.5 DEG) (45 DEG)

or c‘ M—;—\_‘>-/’,;,’~—c‘\‘~_-"—_d7'“'* T

—/\W =0 RAD

\ VA —
-10} DEG \\ 7. \

RAD_-20 | -10. o

.30}

-20 |
ROLL RATE
201 10-

.10[-

RAD DEG - . SN em T m— -
01 — L e =
SEC 0 SEC NN /{7,_,4—\_ e

-10}

_10J
-.20}
SIDE SLIP ANGLE

.05.F

RAD o} 0

-.05}

-4 |
RUDDER ANGLE

Aok \
RAD DEG i !
01 0+

0 4 8 12 16 20 24 28
TIME - SEC

FIGURE 95.-YAWED WING AIRPLANE RESPONSE TO RUDDER CONTROL—
DUTCH ROLL MOTION

-
-



FLIGHT CONDITION j=- -785 RAD (45 DEG)
M =60

ALTITUDE = 4572 m (15,000 FT)
RIGID AIRPLANE

LOAD FACTOR Ay =0 RAD
or I =~== Ay =.785RRAD
_— (45 DEC}
VRN
. / \ - — e
e k -
1.0t % >
PITCH ANGLE

10 %-—AW=.655 RAD
1 747 (37.5 DEG)

-~ —

RAD | DEG 27T e
0 o} == =
A1
104
PITCH RATE
10—
A
RAD DEG o
A
ol
RUDDER ANGLE
2 10

| | | AL 1 | | J
0 4 8 12 16 20 24 28
TIME, SEC

FIGURE 96.—RUDDER RESPONSE—-DUTCH ROLL MOTION

147



INVIdHIV ONIM AIMVA V HOS AINFWIONYEHEY
NOILYNIGHO0D TOHLINOD ANV NOILYINIWINY ALITIEVLS TVNLIFONOI—L6 3HNODIS

dwon

duio)

iorenioe
Jappn
HeQ ppny
d UoIoW
-y
0 J0
- ioyenioe
Ac suonenbs 29 uoRYy
B e e |
Y SONWRUAP
e |
o) aueydiy 101en 08
A ———a——
d SQ 13z1,19e15
Bundnod
uonejuawbne ANIGRI§ - - = — -
uoneawbne jONUOY)  e—— e
BUEITETE]
waisAs [os3uoo 1ybiy
aue(diie jpuoiuaAu0D ————s
suieb
pue s1a1)1)
uonesuadwo) = dwo) dwo)

~—————=

-

dwon _.ll.llL

[o S

=~ ————

dwoy ===
- [ O

o

dwo)

—— e amp o=

1 awep |
—_—
: 1
dwo) \_ 0ppny
d_ ]
M awon | _
e ™M @
AVNOILI3HIa _ 1
|
Mo s |
r|.J|-L _ _
Gwio) \_ . 188ym
A
dwo) _ _
||
ACTEITA _.-l../_ -4
_
_.l-.r-l. .
H dwo) ' _
..-I..“ll.l_ m
dwo) W&ILII uwnion
IVNIANLIONOT

148



POWER SYSTEMS AND ENVIRONMENTAL CONSIDERATIONS

The power systems and environmental considerations tasks included the follow-
ing work:

® Propulsion system engine and installation data were developed to be consistent
with advanced aircraft concepts suitable for use in the mid 1980 time period.
These data were developed to a level sufficient to enable trade study evaluation of
the impact of engine cycle, noise and installation effects on the overall
performance of the aircraft concepts.

® An assessment was made of the current state of the art with respect to
ach.evement of the desired environmental and propulsion performance require-
ments and an identification was made of technology areas requiring additional
research and development.

Bare Engine Data

The er.gine performance, size and weight characteristics incorporated with the airplane
studies were obtained from a computerized Advanced Transonic/Subsonic parametric engine
family that was tailored to be representative of advanced technology engines designed for a
specified time period. Each parametric engine is identified by using the thermodynamic
cycle parameters of design cruise bypass ratio, maximum turbine inlet temperature, and
design cruise overall compressor pressure ratio.

Figure 98 illustrates the basic engine weight characteristics of the ATT technology
study engines. The base curve shows engine thrust to-weight plotted both against year into
service and against engine bypass ratio. The data points on this curve illustrate engine trends
for those engines typical of current airplanes. The thrust-to-weight values for two 1980
engines proposed by the engine manufacturers involved in the ATT Study are also shown
along with projected engines which might be available for the 1985 time period.

Figure 99 shows a similar plot evaluating uninstalled cruise SFC. This illustrates thc
SFC trends for the “ATT-Technology” engines used in the current Mach 1.2 contract. The
engines that have been used in the present study are seen 1o be consistent with those
projected by the engine manufactureres under the ATT contract.

Propuision System Candidates

Figure 100 shows 15 study engines which have been used in the NASA Mach 1.2
airplane studies. Five bypass ratios were considered. For each of these the other cycle
parameters: overall pressure ratio and turbine entry temperature were fixed at values of 16
and 3000°R respectively as shown on the figure. The engine cycle and nacelles were
configured to represent mixed-exhaust-system installations. Preliminary indications had
shown potential benefits in the area of weight for the mixed-exhaust configurations as
opposed to separate exhausts. The first five nacelles shown, designated as engine family A,
had no noise constraint imposed on these installations. However, each of the nacelles shown
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was outfitted with acoustic peripheral treatment A second engine fammly was designed to
meet a nominal noise goul of FAR 36 minus S EPNAB and acoustic suppression was
irtroduced as required. The number directly atter the X svmbol in the figure indicates the
required number of PNdB of jet supprussion.

The engine source noise estimates and the censequent noise suppression hurdware were
both developed based on “‘nominal™ Mach 1.2 aircraft low speed acrodynamic and thrust
i )
charactenstics.

Figure 100 also illustrates Fngine Family € which was configured to meet 2 nowse goal
of FAR 36 minus 15 EPNdB. This noisc goal required the introduction ot considerable jet
suppression and extensive aeoustic treatment. both in the mwlet and the fan duct, to reduce
the turbomachinery nese In some cases the fevels ot jet suppres ion shown, for caamiplc
23 PNdB for the bypass ratio 1 installation far exceed the levels of jet suppression which
have currently been demonstrated by mode! or tull scale data.

The nacelle shapes depicted in iigure 100 were based on preliminary design definitions
developed ftor this study. Previcus contractor design stuaes indicated that a maximum
naceile diameter of 20 em (87) larger than fan tip diameter is o reasonable value to allow tor
structvral clearances and room for services. such as actuators for variaole geometry,
anti-icing ducts, ¢t~ The nacelle length was established as a trade between wetted-area drag.
wave drag. and nacelle length. These previous contractor transonic nacelle studies had
estabiished that an approximate optimum length for the inlet portion of the nacelle would
ke 1.5 times the nacelle maximum diameter. Similarly. the boattail portion of the nacelle
was shown to have an optimum length approximately equal to twice the nacelle maximum
diameter. These guidelines were used to establish the pod dimersions used in this study.
Recanse of these fineness ratio constraints. it is seen in the fisure that higher bypass ratio
naccelles get to be considerabiy longer than the lower bypass ratios.

Figure '01 indicates the conventional instaliztion penalties that have been accounted
for in the current studies for the bypass ratio 1 and 4 installations.

Acoustic Considerations

The effect of bypass ratio and other cvcle parameters on jet and fan noise have been
calculated by the same methods used in the previous ATT study (ref. 1). The noise
effectiveness of the acoustic treatment and performance of jet suppressors was based upon
scale model and full-scale data. In calculating total airplane noise levels significantly below

-FAR 36. no accourt has been taken of nonpropulsive (“airframe”) noisc. Recent

investigations show that this noise source may prevent achieving very low overill noise
levels.

Additional assumptions have been made concerning the acoustics of the propulsion
installation. The base curve of figure 102 shows the noise spectra for the bypass ratio 2 bare
engine in terms of octave band number. The curve shown repiesents forward fan-radiated
noise. The dashed curve indicates the noise attenuation associated with the heavily treated
acoustic configuration for the Engine Family C installation. This curve was computed on the
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basis of noise reduction achievable with current technology and is asscciuted with the
attenuation curve shown at the bottom. The dotied curve to figure 102 gives an indication
of the acoustic attenuation improvements projected for an advanced *1985-Techrology™
acoustic installation. The 10 dB improvement at peak frequency using the proiected
advanced technology translates into about a 4 PNAB improvement in forward inlet radiated
noise.

No penalty has heen imposed to reduce engine *“*core” noise. The ma‘n reason for this
1s that engine core noise is currently not yet fully understood and calculations of the levets
of core noise are still a matter of some dispute. In addition. the means tor treating such
noise is only now beginning to be explored and so assessments or penalties for reducing core
noise are not readily available.

Figure 103 illustrates some of the technology extrapolations 4 d assumptions that have
been introduced. The figure shows incremental jet suppression plotted against engine by pass
ratio. The upper curve indicates the jet suppression levels required for the “ATT-
Technology™ engines studied under this contract. To meet the noise goal of FAR 36 minus
15 EPNUB, the bypass ratio 1 engine will require on the order of 25 PNdB jet suppression.
The bypass ratio 4 engine was estimated to need on the order of 3-4 PNdB. The lower
shaded area in the figure indicates the levels of available suppression based upon current
model and full scale test data. These estimates are based on data which have been analyzed
in terms of the appropriate nozzle pressure and temperature properties associated with the
study engines. In addition, a constraint has been placed upon jet suppressor area ratio in
order to limit consideration of jet suppressors to those which might be reasonably
configured within a conventional nacelle. Furthermore the assumption has been made that
any jet suppressor introduced would be a variable-geometry design which would enable the
jet suppressor to be removed from the internal airstrcam in order that the int=inal losses
associated with jet suppression be minimized for the cruise condition.

Takeoff performance losses have been assessed at a 1% thrust loss for each 1.5 PNdB
jet suppression. A 3.5% nozzle pressure drop has been assessed at cruise to account tor the
vanable geometry jet suppressor interference with exhdust system internal lincs. This
penalty is consistent with experience gained in the contractor 727 Ejector/Suppressor
program.

Engine Emission Levels

The emission requirements specified as ground rules for this study are compared with

- levels representative of current engines in table 24. Levels thought to be achievable by the

engine manufacturers during the previous ATT studies for an advanced combustor design are
also shown.

The study ground-rules emission gozlc for unburned hydrocarbons and carbon
m2icat ' peear to be achievable with advanced combustor design. However, the goal for
mtrogen «.:a- appears to be too stringent (o be obtained simply by advanced combustor
design and can only be met with the use of water injection. This approach, however, entails
a great many operational disadvantages. The combustor design modifications were estimated
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TABLE 24.-ENGINE EMISSION COMPARISON (G/KG FUEL)

UNBURNED
SOURCE CARBON MONOXIDE | HYDROCARBONS | NITROGEN OXIDE(S)
(1IDLE) (1IDLE) (TAKEOFF POWER)
JT90 58 15 42
ENGINE MANUFACTURER 30-40 57 11-15
PROJECTIONS FOR 1985
WITH ADVANCED COMBUSTOR DESIGN
CONTRACT OBJECTIVES 40 8 3
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to be achievable at negligible performance penalty. It should be noted that meaningfui
engine emissicn goals must be related to ambient air standards which have been developed
to be consistent with a satisfactory air quality. It is not clear that the current contract goals
can be justificd on this basis.

Engine Cycle Selection

Initially, the effect of bypass ratio was studied utilizing “nominal” airplane
characteristics. The objectives were to determine th: penalty of reducing the jet noise by
increasing engine bypass ralio as comparcd with that for the introduction of jet suppression
for lower bypass ratio installaiions.

Additional studies were made specifically aimed at understanding the impact on noise
of five study aircraft configurations as a result of considerable variations in their low speed
performance.

*“Nominal™ Airplane Studies

Figure 104 summarizes the procedures used in the initial studies. The nominal aircraft
characteristics are also defined.

The noise characteristics for each of the three FAR noise stations were computed at
levels of takeoff and approach thrust equal for all engines. Figure 105 shows the results ot
the initial *“nominal” aircraft/engine bypass ratio study. The results are shown relative to the
bypass ratio 1 engine for the peripherally-treated family.

The bypass ratio | installation incurs a penalty of about 15%-20% range loss to meet
FAR 36 minus 15 EPNdB. To meet this same noise level even without the jet suppressor, a
bvpass ratio 4 engine would incur an additional 12% range loss. On this basis the BPR 1
engine with the peripheral treatment was selected as the baseline engine for all of the
airplane configurations. The FAR 36-5 design and the FAR 36-15 design BPR = 1 engines
were used to investigate the impact of community noise on airplane gross weight. The
results of these studies were discussed in the configuration performanre -2ction.

Figure 106 shows the engine source noise components for both the bypass ratio 1 at
the top and bypass ratio 4 installations at the bottom. Noise levels are shown for both the
peripherally treated case, Engine Family A, and the heavily treated case, Engine Family C
for the approach, takeoff and sideline FAR noise stations. The figure shows the importance

-of the jet contribution to the overall noise for the bypass ratio 1 installation, particularly for

the takeoff and sideline case. For the bypass ratio 4 mstallatlon the jet levels are well below
levels of the other component noise sources.

Impact of Study Assumptions
Figure 107 gives an indication of how changes in certain of the assumptions could

impact the calculated range loss. The figure shows again incremental range loss plotted
against the installed pod drag divided by the isolated pod drag. When the parameter is equal
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to 1.0, the pod drag is computed as the 4drag of an isolated pod. For values of Dpod
inst./Dpod isol. greater than 1.0, whi:h would involve unfavorable aerodynamic interference
with the aircraft, it is seen that the range peralty increases considerably. Alternatively, for
levels of Dpod inst./Dpod isol. less tha: 1.0, the situation of favorable aerodynamic
interference, the levels of range penalty can oe decreased significantly. The base curve shows
trends for both the bypass ratio 1 and bypass ratio 4 installations.

Also, shown in terms of a dash vertical line to the left of the plot is the level of pod
drag associated with installing the pods for skin friction drag only. If such an installation
were to be achieved it is seen that range savings on the order of 10% would be incurred for a
bypass ratio 1.0 installation, whereas a range savings on the order of 2077 would be realized
for the bypass ratio 4 installation

The rigure also indicates the levels of installed drag which were determined for the
delta wing airplane configuration 3-2. Also shown in figure 107 are the results of similar
calculations for an early single fuselage yawed-wing arrangement. In this case, favorable
interference between the pods and the aircraft fuselage was achieved and the figure shows
the significant savings in aircraft range.

Figure 108 illustrates the range sensitivity to variations in pod fineness ratio where the
L/D of the inlet and boattail were parametrically varied about the levels used in the
preliminary design studies. These levels as noted were L/D equal to 1.5 for the forebody and
L/D = 2.0 for the boattail. Variations of either the inlet or boattail fineness ratio result in
trades between wave drag, skin friction drag, and nacelle weight. The results of these trades,
shown in terms of range loss, are given for the bypass ratios 1. 3 and 5 installations. The
results indicate that boattail L/D of 2.0, as used in the study, is approximatelv optimum.
The inlet L/D could be somewhat increased with the resulting range savings. The figure
indicates that a forebody L/D = 2.0 for the bypass ratio | installation, would r 'sult in an
additional range savings of about 27%. A similar increase in fineness ratio for tie bypass
ratio 5 installation could result in a range improvement on the order of 5%. The relative
range loss shown in the main carpet plot has been referenced to the absolute range loss. The
insert indicates the large absolute range penalties associated with the increased bypass ratio
as opposed to the incremental range gain for higher bypass ratio by optimizing the pod
fineness ratio.

Impact of Aircraft Configurations

Figure 109 shows the impact of the S early version of the study aircraft configurations

-on approach, sideline and takeoff noise. The data refer to the peripherally treated bypass

ratio | installation. For sideline noise, there is very little difference associated with different
engine sizes. There is a large (on the order or 15 EPNdB) spread in takeoff noise between
the five aircraft configurations. This farge spread directly reflects the aircraft low speed
aerodynamic capabilities and indicates the inherent noise reduction features of the yawed
wing airplanes which for low speed operation employed a high aspect ratio unswept wing
with exceedingly good lift to drag capability. The approach noise level data show less spread
than might have been supposed. There are two reasons for this: (1) the three conventional
planform aircraft shown here employed an unflapped landing configuration in order to
reduce the approach thrust, and thus noise levels. As a result, the landing speed for these
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aircraft is on the order of 92.6 m/s (180 kts), compared with about 66.9 m/s (130 kts) for
the yawed wing configurations: (2) in « ontrast, the excellent lift-to-drag capabilities of the
yawed wing aircraft were not able to be fully utilized due to a flight idle iimit of 12% of
available thrust. The lower aspect ratio wing seiecied the Model 5-3 provides a better match
of the noise characteristics as shown in the configuration analysis section.

STRUCTURES AND MATERIALS

The objectives of the Structures effort in this study were to:

e Assure structural feasibility of each configuration by providing the required space
for the major structural elements, joints and mechanisms

® Define the structural system and materials representative of an advanced
technology airplane.

e Provide a reliable base for weight prediction of the yawed wing configuration by
sizing the structural elements.

e  Assure a divergence-free configuration with a minimum weight increment over the
strength design requirements.

General structural evaluations were made for all of the cocept configurations. The
selection, use and benefits of advanced structural materials were identified.

The nature of the divergence of a yawed wing was investigated. The results of thic
analysis helped to define the structural sizing criteria for the yawed wing.

Structural analyses of the yawed wing were made to aid in the selection of the wing
p! .nform and to define the structural material requirements for the weight estimates.

Configuration Evaluation

The structural teasibility was evaluated for configurations representative of each of the
concepts studied. Constraints such as the requirement for area ruling, ground clearance,
landing gear arrangement and engine location were considered. Estimates of load transfer
were made to assure sufficient space for structure, pivots and mechanisms and to check for

. reasonable load paths. Primary structure layouts and wing pivot deidils are shown in the

Configuration Description section.

Figure 110 represents the flight speed placard relating airplane equivalent airspeed,
Mach number and altitude. Based on experience a maximum cruise speed of 180 m/s (350
kts) was selected to provide a low cruise dynamic pressure and allow cruise at an altitude for
best performance. This choice of maximum cruise airspeed limited Mach 1.2 cruise to
altitudes above 11890 m (39,000 ft). Adding a standard upset, and a flutter and divergence
margin to the muximum cruise speed gave a maximum structural design speed of 216 m/s
(420 kts) and a minimum flutter and divergence clearance speed of 260 m/s (505 kts).
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Materials Selection

Advanced structural materials tor all configurations were denved from the Aa anced
Transport Technology (ATT) study icsults (ref. 1). The level of advanced technology
assumed is tha( corresponding to an airplane availabilit te of 1985, This availability date
is contingent on the completion of the research progrt .. "ommended as patt of the ATT
program, (ref. 16).

Structural materials selection analyses were directed at defining:

®  The areas for each of the airplane concepts best <uited for the application of the
advanced composite materials.

e  The types of structural materials to be considered.

®  The percent weight savings ot the advanced structural materials over conventional
aluminum skin stringer construction.

The results of these analyses are shown for cach configuration concept in figures 111
through 115.

Graphite-epoxy honey.omb was selected for the wing, fuselage and ve-tical tail
primary structur ‘or all configurations. For all concepts, except the delta pianform,
inboard sections of the wing were stiffened due to high panel end loads. The weight savings
was estimated to he 25% where wing box stiffness was critical. The weight savings was
estimated as 20% for other highlv loaded areas. The weight savings with graphite-epoxy on
the fuselage was estimated to t - 15%. Titanium was selected for the wing pivots and pivot
support structures.

A high temperature matrix composite honeycomb was selected for the horizontal tails
on all configurations. This selection was made because the horizontal tails were relatively
close to the engine exhaust. Use of this material resulted in an estimated weight saving of
15% over aluminum skin/stringer construction designed for strength.

Honeycomb with face sheets composed of DuPont PRD-49 was selected for the wing
and fin leading and trailing edge structures. The weight saving of this construction over
aluminum construction was estimated to be 25%.

Graphite-epoxy has been used for the nontemperature critical area of the nacelles with
the acoustic treatment integrated into the structure. This type of design would yield a 15%
weight saving over a conventionally treated nacelle. Conventional construction wis used for
the temperature critical arcas of the nacelic.

Weight estimates for all of the configurations were obtained by applying advanced
technology weight adjustments to thc calculated weights based on conventional aluminum
skin stringer construction. The unique nature of the yawed wing configuration, however,
made it necessary to base the weight estimates for the yawed wing on structural analysis
rather than statistical weight data.
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Initially structural analyses were conducted to establish critical strength design
conditions and to determine the nature of aeroelastic divergence of a yawed wing airplane.

Yawed Wing Divergence

The nature of divergence of an unrestrained yawed wing airplane was first investigated,
with a very simple elastic model. This model had rigid wings attached to the center pivot
with a spring to simulate bending without twist (fig. 116). The aft wing and forward wing
bending moment, M and Mg, applied to the springs and the rolling moment. R. were
examined. The bending moment due to the forward wing shows the typical divergence
characteristic for the case of the fuselage restrained in rol.

When the acrodynamic stiffness, Ka, which increases with dynamic pressure, equals the
structural stiffness, K, the denominator of the expression for the forward wing bending
moment, ME. will vanish. This condition defines the cantilever divergence speed. The
expression for the rolling moment. R of the unrestrained airplane has a denominator that
will also vanish when K, equals K.. This will lead to a form of divergence unless the
numerator of the rolling moment expression can also be made to vanish. A very specialized
stability augmentation system would be required to either make the numerator vanish or to
reduce the value of K,,.

The next step in determining the nature of divergence of u yawed wing airplane was to
examine the dynamic stability with the airplane free to roll. The structural dynamics model
simulatins the wing is shown in figure 117. The wing mass was represented by a series of
point masses. The aerodynamic lift distribution was represented by a section lift coefficient
for each of the six wing panels on each wing. Wing flexibility was represented by beam
bending and beam torsion. alttough it +~< found in the analysis that torsional stiffness had
little effect on the divergencc speed. W st flexibility was neglected. This same model,
restrained in roll. was used to obtain thc «lever stability of each wing. The equaticns of
metion included inertia. aerodynamic and elastic forces and moments. The aerodynamic
forces provide both stiffness and damping, whereas the elastic forces provide only stiffness.
Each wing panel was considered as a separate degree of freedom. Airplane roll was also
treated as a separate degree of freedom, however, there were no stiffness forces or moments
resulting from airplane roll. The equations that represent this dynamic system are shown in
figure 117,

The results of the dynamic stability analysis are presented in figure 118 in terms of
airplane speed versus damping ratio. which is the ratio of the airplane’s damping to its

"critical damping. At zero airspeed, the structural response frequency 2ach wing treated

as cantilevers and for the unrestrained airplane are all the same, *Hz. As speed is
increased initially, the damping ratio increases in all three cases, however:

e the frequency decreases for the leading wing cantilevered and also for the
unrestrained airplane

e the frequency increases for the trailing wing caantilevered
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The leading wing bending deflection for the unrestrained airplane increases relative to
the trailing wing deflection. This starts an airplane roll oscillation.

At higher airspeeds. the damping ratio of the cantilevered leading wing starts to
decrease. This trend continues until the leading wing cantilevered divergence speed is
reached. At this speed the frequency becomes zero and the wing becomes unstable. This
provides a source of energy to the unrestrained airplane. This energy is fed through the wing
bending causing an increase in airplane roll and a decrease in its frequency until a low
frequency. oscillating instability occurs. This instability is a combination of wing bending
with a large amount of airplane roll. If the speed is increased slightly. the frequency goes to
zero and elastic divergence takes place.

In addition to the speed-damping charactenstics shown on figure 118, there is an
unrestrained airplane mode with zero frequency and damping for all airspeeds. At low
speeds, this mode is basically airplane roll. However, as the leading wing cantilevered
divergence speed is approached (as the aercdynamic stiffness apprcaches the structural
stiffness), the amount of leading wing bending relative to roll rate in this mode increases. At
the leading wing centilevered divergence speed, the ratio of leading wing bending to roll rate
becomes infinite.

The results of these analyses and some preliminary strength znalyses indicated that a
reasonable approximation to the structural weight of the wing would result from sizing the
structure to the more stringent of :

e  Gust and maneuver loads at zero yaw angle, and
e  Can uever divergence of the forward wing.
Yawed Wing Analyses
Graphite-cpoxy advanced filiamentary composite structure was applied to the yawed
wing. The graphite-epoxy was evaluated by comparison witt a conventional aluminum
structure. Sizing criteria used were strength at zero yaw and div=rgence avoidance at 45°
yaw. For the case using aluminum structure, the divergence “ance criterion required
considerably more material than the strength criterion. Tor se using graphite-epoxy

both divergence and strength t. quired nearly equal amounts of ‘naterial.

The aluminum construction was a skin-stringer assembly. The graphite-epoxy material

- requirements were based on the following assumptions:

e A ply arrangement was selected considering external load distributions and the
bending stiffness required for divergence.

e Isotropic structural parameters such as yield strength and stiffness modulus were
established to simulate the anisotropic ply arrangement.

e A compression buckling curve was estimated for built up panels.



Allowables and stiffnesses were determined from material data in the Air Force
Advanced Composites Design Guide (ref. 17). High modulus graphite was used. Fibre
orientations were selected to enhance wing bending direction strength and stiffness, while
retaining some reasonable strength in other directions. Ply orientation in the graphite-epoxy
face sheets, selected on the basis of experience, was 60% (0%, 30% ( 45°), and 10% (90°). In
addition to material failure cov.siderations the compression allowable calculation includes
checks on panel compression stability, shear crimping, core shear strength and core crushing.
The shear allowable calculation includes checks for panel shear stability and intracell
buckling. The honeycomb ribbon direction is parallel to the spars, which helps prevent shear
crimping. The allowables and stiffnesses used for the composite are compared to those for
aluminum in Figure 119. The graphite-epoxy honeycomb has a density of 1605 kg/m3
(.058 lb/in.3). This includes face sheets, core und adhesive. The density of aluminum is
2800 kg/m3 (.101 lb/in.3). An allcwance of 15% for aluminum and 25% for graphite-epoxy
was added to the wing primary structural weight to account for fittings, fasteners,
and joints.

The material requirements based on strength considerations were determined using a
computerized wing structural synthesis program (ORACLE). ORACLE combines an
aeroelastic loads analysis based on beam theory and lifting line aerodynamics as described in
NACA TN 3030 (ref. 18), a simplified box beam stress analysis and a weight analysis of the
wing box. The box beam stress analysis includes the effect of combined shear and tension. A
flow chart for ORACLE is shown in figure 120.

The strength design load conditions were a 15.24 m/s (50 ft/sec) gust at V, = 180 m/s
(350 keas), at an altitude of 6096 m (20,000 ft) with a gross weight of 163,300 kg
(360,000 1b), and a 2.5 g symmetrical maneuver at Ve = 216 m/s (420 keas), at an altitude
of 4877 m (16,000 ft) with a gross weight of 272,200 kg (600.000 Ib). The loads that
correspond to these conditions are plotted in figure 121. The material cross-section area
necessary to support this level of loading is shown in Figure 122 and the wing section
properties in the form of bending and torsional stiffness for both aluminum and
graphite-epoxy construction are shown in figure 123,

The graphite-epoxy wing box was considerably lighter than the aluminum structure.
Although the strength sized composite wing required more material than the aluminum
wing, it was lighter because the density of the graphite-epoxy is less than aluminum. When
sized to divergence avoidance the higher stiffness-weight ratio of the composite gives this
material an even greater advantage over aluminum.

Yawed Wing Trade Studies

A series of wing structural analyses were conducted to aid in the development of a
yawed wing planform. Aeroelastic structural sizing was performed to determine the weight
sensitivity of the wing with respect to wing elliptic axis ratio thickness ratio, wing area and
airplane weight.

Elliptic axis ratios of 10:1, 8:1 and 6:1 were analysed varying the maximum t/c
(thickness to chord ratio). These correspond to unswept aspect ratios of 12.7, 10.2 and 7.6,
respectively. The results of these analyses are shown on Figure 124 in terms of aluminum
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wing primary structure weight. The t/c¢ distribution was linear for the 10:1 wing and was
elliptic for the &1 ard 6:1 wings. The matenal requirements for the 10:1 wing were
excessive, even with a maximum t/c of 167, because of the stiftness needed to avoid
divergence. At a maximum t/c of 147, the 8:1 wing s neerly equally cnitical tor strengiit
and divergence

The effect of cpplyving graphite-epoxy to wings with 2 maximum t/c of 127 and an
elliptic t/c distribution is shown on Figure 125, The increment in primary structure weight
for strength designed graphite-epoxy wings was about 7711 kg (17,900 Ib). The advantage
of graphitc-cpovy is even greater when the matertal requirements were dictated by
divergence.

Wing bending material weight as a function of wing area and airplane gross weight is
shown for alumimum structure on Figure 126 and for graphite-epoxy structure on Figure
27. The wing uscd for these variations had an 8:1 elliptic anis ratio and an elliptic t/c
distribution with 4 maximum t/c of 12%. At high gross weights the aluminum wings are
designed by maneuver loads. As gross weight is reduced at constiant wing area. the designing
crterion changes to cust loads. and then divergence avoidance.

The segment of the curves defined by the divergence requirements is independent of
gross weight. The gross weight at which the design requirements change from gust and
maneuver loads to divergence avoidance is strongly dependent on wing area. In the range
studied. the graphite-cpoxy wings were always designed by gust and maneuver loads rather
than by divergence requirements.

WEIGHT AND BALANCE

The objectives of the weight studies were:

e Perform contiguration weight and balance analyses

e Develop weight trade and sensitivity studies

o  Conduct configuration parametric weight sizing analyses

e  Undertake yawed wing weight studies based on structural analyses

"Weight analysis and parametric weight studics were performed on the five airplane concepts

s v won v o

Weight trade and sensitivity studies supported engine cycie/sound suppression studies
for the selection of engine bypass ratio and noise suppression treatmenr.,.

Weight studics were performed to support the single fuselage vawed wing connguration
development trade and sensitivity studies.

Inertias and products of interias were determined for the 10:1 elliptic axes ratio vawed
wing configuration for the dynamic stability analysis.
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Weight Analysis Approach

The Model 2707-300 from the SST prototype program was selected as & base point to
develop the weight for the structure and equipment systems. Weight adiustments wer.
determined for changes in geometry. structurs! loading, and temperature eflects on materal
selection for Mach 1.2. The weight analyses tor the yawed wing configurations were based
on wing structural analyses. Table 25 summarizes the weight analysis approach. Advanced
technology weight adjustments were applied to the structure, prooulsion, equipment and
payload systems.

The use of the previously discussed advanced technology structural materisls produced
weight improvements consistent with ihe Level I} results of the Advanced Technology
Transport Program (ref. 1. page 78). The application of these structural improvements
provide weight savings ranging up to 25% in the areas of application and produced an overall
reduction of approximately 15% in total structural weight. Table 26 compares the
applicable structural technology and level of weight usced in the aircraft sizing analysis of the
Advanced Technology Transport Program and the High Transonic Speed Transport Study.

Configuration Weight Analysis

Weight analyses were performed on f{ive airplane concepts during the initial phase of
this study. To form a basis for companson the analysis was conducted on each concept at
272,155 kg (600,000 1b) maximum takeoff weight. The single-fuselage yawed-wing concept
underwent a longer period of developmeni. Improvements in thc wing weight and
cerodynamic performance were sufficient eventually to warrant a reductica in maximum
takeoff weight of the base configuration to 226.2C0 kg (500,000 ib).

Table 27 contains a comparison of the uncycled baseline configurations fractional
weight distributions. The yawed wing configurations have larger weight fractions for the
wing and body, and lower weight fractions for the propulsion items. These reflect the
influence of the higher wing aspect ratios. higher body fineness ratios, and lower
thrust/weight ratios for the yawed wing concepts.

Weight calculations completed during the course of the study helped to identify the
impact of bypass ratio, noise suppression and planform geometry on the gross weight of the

sized airplanes.

The variations of wing weight with elliptic axis ratio (aspect ratio) and thickness ratio

-are shown in Figures 128 and 129. These figures indicate the powerfu! effects of wing

th.ckness and aspect ratio on wing weights.

The weight incremeris calculated for the payload irade study are presented in
Table 28. The impact of payload on operating empty weight is primarily due to body
fineness ratio changes.



TABLE 25.-WEIGHT ANALYSIS APPROACH
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PRIMARY STRUCTURE REINFORCEMENT, GRAPHITE/ & HIGH TEMP. MATRIX
BSORON EPOXY. COMPOSITE H/C

SECONDARY STRUCTURE PRD 49 FIBER PRD 49 FIBER
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STRUCTURAL WE\MT

KEDUCTION

PERFORMANCE 0% 15%
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WING WEIGHT- 1000 KG

WING WEIGHT -1000 KG
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= | s
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w
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2 g0l GRAPHITE EPOXY
MAX TAKEOFF WEIGHT = 272,155 KG (600,000 LB)
WING AREA = 465 m2 (5000 FT2)
t/c = 12% MAX
ol
6:1 8:1 10:1
WING ELLIPTIC AXIS RATIO
FIGURE 128.—WING WEIGHT VERSUS ELLIPTIC 4XIS RATIO
140
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60 |- ELLIPTIC AXIS RATIO 8:1
MAX TAKEOFF WEIGHT = 272,155 KG (600,000 LB)
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40 g @ DIVERGENCE AVOIDANCE
S 80
301
60 | 1 | ] |

12 13 14 15 16
MAXIMUM t/c—%

FIGURE 129.—-WING WEIGHT VERSUS THICKNESS RATIO
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Balarce and Loading

Table 29 compares the balance and louding criteria that have been used for each of the
study configurations with the loadirg criteria for subsonic and supersonic configuration
arrangements with aft engine locations.

The weight and balance data for the uncy cled baseline configuration 5-3 are presented
in Table 30. The corresponding loading diagrum for this configuration is shown in
Figure 130. The weight distribution data for the uncycled bascline configuration 5-3 is
compared with the corresponding weight data for the mission sized configuration in the
configuration performance section. (Table 6).

The results of the balunce and loading analysts for the uncycled single body yawed
wing configuration 5-3 indicate that:

e forward ballast is required for low payloads and empty conditions (no payload).

e selective tuel management with an aft body fuel tank provides the capability to
minimize cruise trim drag.

® A center of gravity range of 257 MAC is required for loading of passengers and
baggage. This center of gravity range is within the limits provided by the stability
and control system.

Forward balance requirements and fuel management are provided as on the National SST
Program configuration (B2707-300), by a forward water tank for the low pavload
conditions and the inclusion of a center of gravity indication and control system.

Parametric Analysis

The sensitivity of structure, propulsion and cquipment weight to wing area, maximum
takeoff weight, thrust level and sound suppression treatment was determined in the
configuration parametric sizing analyses for each design concept. The sensitivity of wing
weiznt to area and maximum takeoff weight for the yawed wing configurations was
evaluated from the results of wing structural analyses while statistical data were used for the
other configurations. Figure 131 depicts the parametric nature of the weight scaling data
that include the effects of maintaining a balanced airplane.

The structural -veight estimates have been based in part on statistical data and also on
detailed structural analyses. The unique nature of the single body yawed wing configuration
warrants further detailed design and analysis investigations to validate fully the weight
estimates of aavianced technology materials. The details of the structural arrangement and
methods of construction of the yawed wing and body need further investigations
that include:

o  Determining the transmittal of loads from the wing through the pivot and body
structure to provide a complete understanding o: th interaction of wing .wd
body loads.
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TABLE 29.-BALANCE AND LOADING CRITERIA (TYPICAL AFT ENGINE ARRANGEMENT)

TYPE

ITEM

SUBSONIC (TYPICAL!

TRANSONIC

SUPE RSONIC

LOADINu CRITERIA

UNRESTRICTED SEATING

DISPATCh WITHOUT
BALLAST AT ALL
PASSENGER LOAD

UNRESTRICTED SEATING

DISPATCH WITHOUT
BALLAST AT PASSENGER
LOAD FACTORS GREATER

UNRESTRICTED SEATING
DISPATCH WITHOUT
BALLAST FOR SPACE
LIMITED PAYLOAD,

ESFECTS-CHANGE

BALLAST AT LOW

FACTORS THAN 45% FULL PASSENGER
(80% PRUBAB.LITY) PAYLOAD WITH

BAGGAGE OR 50%
PAYLOAD WITH ZONE
LOADING OF PASSENGERS

APPROX LOW SPEED 2032 m 1.52m 635 m

OPERAT!'ONAL CG

RANGE (80 IN) {60 IN} (75 IN)

CONFIGURATION NONE TRIM TANK FUEL TRIM TANK FUEL

BALLAST FOR MOST

AND CONTROL

IN CENTER OF PRESSURE PAYLOADS ONLY PAYLOA
DUE TO MACH NO LOADS ONL AYLOADS
CG INDICATION NOT REQUIRED RZQUIRED REQUIRED




TABLE 30.—UNCYCLED CONFIGURATION 5-3 WEIGHT AND BALANCE BASELINE DATA

MASS CG BODY WEIGHT CG BODY
KG STATION L8 STATION
m IN.
WING 35,830 58.67 79,000 2310
HORIZONTAL TAIL 1,640 88.90 3,620 3500
VERTICAL TAIL 860 88.65 1,900 3490
BODY 26,040 50.55 57,400 1990
MAIN LANDING GEAR 6,520 69.09 15,250 2720
NOSE LANDING GEAR 2,090 30.48 4,600 1200
NACEL'_E AND STRUT B B PP LU R ) 24,930 291

TOTAL STRUCTURE - - ] 84,690 59.26 186,700 2333
ENGINE 8,890 77.47 19,600 3050
ENGINE ACCESSORIES
ENGINE CONTROLS 650 717.47 1,430 3050
STARTING SYSTEM
FUEL SYSTEM 2,460 61.98 5,430 2440
THRUST REVERSER (IN NACELLE)

TOTAL PROPULSION GROUP 12,000 74.29 26,460 2925
ACCESSCRY DRIVE SYSTEM 490 77.47 1,080 3050
INSTRUMENTS 2730 21.84 1,050 860
SURFACE CONTROLS 3,030 61,21 6,690 2410
HYDRAULICS 1,970 65.79 4,330 2590
PNEUMATICS 660 66.29 1,450 2610
ELECTRICAL 1,310 47.50 3,980 1870
ELECTRONICS 1,390 20.57 3,070 810
FLIGHT PROVISIONS 430 17.78 950 700
PASSENGER ACCOMODATIONS 5,570 44.45 12,280 1750
CARGO HANDLING 750 4293 1,660 1690
EMERGENCY EQUIPMENT 340 44.45 740 1750
AIR CONDITIONING 1,810 50.55 4,000 1990
INSULATION 1,330 44.45 2,930 1750
AUXILIARY POWER UNIT 610 48.90 1,350 3500
WATER BALLAST SYSTEM 110 24.89 250 980

TOTAL FIXED EQUIPMENT 20,780 49.66 45,810 19556
EXTERIOR PAINT 90 51.69 200 2035
OPTIONS 1,140 44.45 2,500 1750

MANUFACTURER'S EMPTY WEIGHT 118,700 58.95 261,670 2321
STANDARD AND QPERATIONAL ITEMS | 5,140 44.45 11,330 1750

OPERATIONAL EMPTY WEIGHT 123,840 58.34 273,000 2297
MAXIMUM TAKEOFF WEIGHT 226,796 500,000
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e  Examining the impact of forward location of the payload and the aft locatior of
th.: engine mass on the overall tuselage weight by a detailed design analysis.
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CONCLUSIONS

The most significant conclusicns of this study are:

The “*boomless’ supersonic mission .cquirements were met at FAR 36 noise levels
by a delta configuration ai 226.796 kg (500.0001b) gross weight and by a
single-body yawed-wing configuration at 211.828 kg (467,000 1b). The higher
lift/drag ratio of the yawed-wing concept lead to its lower gross weight.
Configurations based on the other concepts resulted in heavier airplanes.

The nuise goal of FAR 36 minus 15 EPNdB can be met with the single-body
yawed-wing configuration at approximately 226,796 kg (500.000 Ib) gross
weight. This noise goal cannot be met reasonably by the other configurations. The
yawed-wing configuration has a large advantage in takeoff and landing
pciformance.

A vawed wing configuration designed for Mach 1.2, can achieve the design range
for all supersonic Mach numbers up to 1.2 and will have a 20% excess range
capability at subsonic speeds.

The selected structural design speed placard restricted the minimum Mach 1.2
cruise altitude to 11887 m (39.000 ft). This restriction constrained the size of all
of the configurations and has probably resulted in performance losses.

Although wing aeroelastic divergence is a primary design consideration for
yawed-wing configurations, the graphite-epoxy wings of this study were designed
by critical gust and maneuver loads rather than by divergence requirements.

Advanced filamentary composite materials offer about a 20% structural weight
saving over aluminum for a strength designed yawed wing.

A variation in the yawed wing aspect ratio results in a trade between lift/drag
ratio and wing due to divergence. The besi planform was obtained with an elliptic
axis ratio of 8:1 (unyawed aspect ratio 10.2) and an unyawed maximum t/c
of 12%.

The rigid dynamic stability and control characteristics of all five concepts are
acceptable. However, aeroelastics may have a significant cffect on the flying
characteristics of the yawed-wing configurations.

For high transonic speed applications low bypass ratio engines with suppression
resuit in lower gross weight airplanes than configurations with high bypass ratio
engines even at equal community noise levels.

The total drag for any transonic configuration is very sensitive to the way in
which the nacelles are installed. Double pod installations result in high wave drag.
Engines integrated into the body resuit in low drag.
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RECOMMENDATIONS

Because of the promising potential of the single-body yawed-wing concept it is
recommended that a progr:m be indertaken to venfy and further develop this potential. A
three phase program is recommended: Phase I consists of analytical studies which follow
directly irom this contract. Phase 11 is a combination of wind tunne! and lab test work with
further theoretical studies. Phase HI includes further development of Phase 1 and 1l work
through detailed design followed by flight test of a demonstration vehicle.

PHASE |

e  Determine the best structural design speed placard by studying the trade between
airframe weight and aerodynamic performance.

o  Develop a Mach 1.2 configuration alternate to configuration 5-3. The objective of
this development should be to simplify the engine and landing gear installation
while retaining the aerodynamic efficiency.

e Develop a low transonic speed yawed wing configuration to compare directly to
the ATT configurations.

e  Match the engine cycle, the amount of noise suppression required, the flap system
and the takeoff and landing procedures to minimize the community noise for the
synthesized basic and alternate yawed-wing configurations.

e Conduct an analysis of the stability and control characteristics of a flexible
yawed-wing airplane to identify control system requirements.

e Conduct a theoretical and experimental wing development study to fully identify
the maximum practical wing thickness/chord ratio and the minimum achievable
drag due to lift.

® Analyze operational characteristics of a yawed-wing commercial transport in
airline operation and estimate total operating costs. Compare these costs with
wide-body and ATT operating costs for similar payload/range categories.
PHASE II
e Verify the performance of the best Mach 1.2 configuration developed in Phase |
by a coordinated theoretical-experimental program covering both the low and

high speed flight regimes.

e  Conduct a market analysis to determine potential total airline fleet requirements.
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e Based on the results of the Phase I stability and control study and available test
data, develop a moving base simulation of the airplane in order to evaluaate flight
control systems.

e  Perform an aeroelastic model wind tunnel test to confirm the wing divergence and
flutter characteristics.

o Develop detailed plans including the design criteria for a yawed-wing flight test
vehicle,

PHASE 111

Design and fabricate a yawed-wing flight test airplane.

SUPPORTING TECHNOLOGY DEVELOPMENT

In addition, to the development work described above for the yawed-wing configura-
tion. the hasic advanced technology programs recommended as part of the Advanced
Transport Technology study (ref. 16) should be pursued since they apply nearly universally
to this concept This is pariicularly true in the structures, flight control and power systems
areas that require the projected technology advances to achieve the potential identified in
this study.



10

11

12

REFERENCES

NASA Contracts NAS1-1071, NAS1-1073, NAS1-1073, “Study of the Application of
Advanced Technologies to Long-Range Transport Aircraft.”

Haglund, G. T.: A Preliminary Climatology of the Threshold Mach Number. Paper
Presented at the Fourth Conference on Aerospace Meteorology, Am. Meteorol. Soc.
and AIAA (Las Vegas, Nevada) May 1970.pr.  "9413.

Wallace, R. E.: “Parametric and Optin:. - ion Techniques for Airplane Desiga
Syntheses.” Paper No.7, AGARD Lect:.' - Series No. 56-Aircraft Performance -
Prediction Method and Optimization Edited by J. Williams-April 24-28, 1972,
VonKarman !nstitute, Belgum.

Wimpress, J. K,. and Swihart, JM.: “Influence of Aerodynamic Research on the
Performance of Supersonic Airplanes.” Journal of Aircraft, Vol. 1, No. 2, March-April
1964, pp. 71-76.

Graham, L. A,, Jones, R. T, and Boltz, F. W.: “An Experimentai Investigation of an
oblique-Wing and Body Combination at Mach numbers between 0.6 and 1.40.” NASA
TMX-62.207, December 1972.

Smith, J. H. B.: “Lift/Drag Ratios o1 Optimized Slewed Elliptic Wings at Supersonic
Speeds.” The Aeronautical Quarterly, August 1961,

Jones, R. T.: “Theoretical Determination of the Minimum Drag of Airfois at
Supersonic Speeds.” Jour. of Aero. Science, December 1952.

Sommer, S. G. and Short, B. J.: “Free-Flight Measurements of Turbul 1t boundary
Layer Skin Friction in the Presence of Severe Aerodynamic Heating at Mach Numbers
From 2.8 to 7.0.” NACA TN 3391.

Sheppard, L. M.: “Methods for Determining the Wave Drag of Nonlifting Wing-Body
Combinations.” R.A.E. R&M No. 3077, April 1957.

Sheppard, L. M.: “The Wave Drag of Noni...ing Combinations of Thin Wings and
Nonslender Bodies.”” R.A.E. R&M No. 3076, March 1957.

Carlson, Harry W. and Middleton, Wilber D.: “A Numerical Method for the Design of
Camber Surfaces of Supersonic Wings With Arbitrary Planforms.” NASA TN
D-2341, 1964.

Middleton, W. D. and Carlson, H. W.: “A Numerical Method for Calculating the
Flat-Plate Pressure Distributions on Supersonic Wings of Arbitrary Planform.” NASA
TN D-2570, 1965.

199



200

13

14

15

16

17

18

Shrout, B. L.: “Extension of a Numerical Solution for the Aerodyamic Characteristics
of a Wing to Include a Canard or Horizontal Tuil.” AGARD CP-71-71.

Mack. R. J.: A Numerical Method for Evaluation and Utilization of Supersonic
Nacelle-Wing Interference.” NASA TN D-5057, March 1969.

Harris, Roy V.: “An Analysis and Correlation of Aircraft Wave Drag” NASA TM
X-947. 1964.

NASA Report CR-112093, “Final Report-Study of the Application of Advanced
Technologies to Long Range Transport Aircraft.” Volume Il Advanced Technology
Program Recommendations, May 1972,

“Advanced Composites Design Guide.” Advanced Composites Division Air Force
Material Laboratory Air Force Systems Command, Wright-Patterson Air Force Base,
Ohio, November 1971.

Gray, W. L. and Schenk, K.M.: **A Method for Calculating the Subsonic Steady-State
Loading on an Airplane With a Wing of Arbitrary Planform and Stiffness.” NACA
TN 3030.



CONCEPTY NO 1
{FIXED SWEPT WING)

s

o~

ooRTI AN

| SR O SRS

IN1T 1AL PROGRAM OBJECTIVES

@ SYNTHESIZE 5 BASIC HIGH TRANSONIC

TRANSPORT CONFIGURATION COMCEPTS

- CONSISTENT TECHNOLOGY

- CONSISTENT PAYLOAD RANGE
DEVELOP RESULTING PERFORMANCE
AND £ CONOMICS

o EVALUATE TECHNICAL FEASIBILITY OF BASIC

CONCEPTS

® IDENTIFY HIGH RISK TECHNOLOGY AREAS

JUNE 20 1972

CONFIGURATION INITIAL DEFINITION

LY 20 1972 DEFINITION REFIN

O MONTH

AERODDYNAMIC CONCEPTS

_%‘_

CONCEPT NO 2

{VARIABLE SWEEP WING)

CONCEPT NO )
(DELTA WING)

Y MONTH

MODEL 12

® FIRST CYCLE CONFIGURAT:ON

TS WERE DEFINED.
©® DESIGN REVIEW AT NASA AMES

o DESIGN LAYOUTS DEVELOPED
GROSS WEIGHT -272.158 KG
1600 000 LB

—%——

CONCEPT NO 4

iTWIN FUSELAGE

YAWED WING)

CONCETTNO §
{SINGLE FUSELAGE.

YAWED WING)

i

MODEL 501

A

!, [ ~
} f Il
: A '
f \ o \
v Y J v

v

MODEL 500

WMODEL 08  MODEL 807  MODEL 5010

1985 TECHNOLOGY
4 BYPASS RATIO = 1 ENGINE

« MISSION DESIGN OBJECTIVES
MACH = 1 2
PAYLOAD = 18,147 XG (40 000 LB}
RANGE = 5556 Am (3,000 NM1)

T
N4
\l

MODEL 42
HIGH NACELLE
DAAG
T msvaLiaTion
MODEL 52 |'DENTIFIED




NOVEMBER 1972 5 reRaATE ARRANGEMENT DEVELOPMENT TRADE AND SENSITIVITY STUDIES Mav 20 1973
4172 MONTHS 8 MONTHS I 11 MORTHS
MIDTEAM REVIEW ; .
o B‘%;u— :/ g S o/ WODEL 12
K . ’ L
MODEL 12 | MODEL $28A, 5 reNATE <7 MODELS3
— — v ARRANGEMENT
ions A REVIEW AT AMES
o CONCENTRATE THE REMAINDER OF THE A o MODEL 528A SELECTED
CONTRACT EFFORT ON TRADE STUDIES TO 4 Z “:\
OPTIMIZE TME MODEL 5 YAWED WING r—"B? I”‘ o 3 %
— ———- CONCEPY | moDELS2 78 \ v
> ® WING ASPECT RATIO “ MODEL 22
MODEL 22 © ALTITUDE -SPEED PLACARD \ | MoDEL 531
© PROPULSION INSTALLATION
© RETAIN THE CONCEPTS 12,22, 32, AND &2
WITHOUT FURTHER WORK
@ POSTPONE THE COMPARATIVE PERFORMANCE| — %3,.
AND ECONOMICS TO A LATER TIME PERIOD
--- ---- MODEL 32
MODEL 32 =
‘ MODEL 524 HIGH TRAANSONIC SPEED TRANSPOAT
IND HALF WORK PLAN \ 5 é
© DEVELOP IMPROVED WAVE DRAG VERSION OF A 3"’: /“‘/:"
~-- - S.NGLE BODY YAWED WING i WMODEL 42
. ® WBIM 5 THE IMPROVED CONFICURATION
\ 1 MODEL 523 VODEL 42 o $1 1DY FOR ONE OTHER WING PLANFOAM | | D0
© ST DY TRALES OF RANGE. PAVLOAD, || mooeLs2s ,’\
. SP "D AND NOISE v i
i 1 :
{
' ! { j MODEL 53
o c— —
|‘ MODEL 524 ” MOOEL 524 J MODEL 8244
v v APPENDIX

CONFIGURATION EVOLUTION

201



